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A B S T R A C T 
The molecular level characterisation o f compounds comprising the dissolved 
organic nitrogen (DON) pool is an important task for chemical oceanographers wishing to 
understand its role in the marine N cycle. Low DON concentrations, problems with saline 
matrices and a lack of pre-concentration methods have all contributed to DON being 
ignored and disregarded, until recently. Sub imits o f DON have been analysed as bulk 
parameters within which the low molecular weight (LMW; < 1,500 Da) fraction has been 
proposed to drive regenerated production within the oceans. The largest producers o f these 
compounds are phyloplankton. Dissolved combined amino acids (DCAAs) are proposed to 
be the largest identifiable component of the LMW fraction. Peptides were chosen as the 
starting point for this study on DON characterisation, due to their unrivalled detection 
when analysed via liquid chromatography/ mass spectrometry (LC/MS). A method was 
developed for the characterisation of low molecular weight peptides, released either 
actively or passively from the axenically-cultured phytoplankton Phaeodactylum 
tricornutum. 
Methods for the separation (high performance liquid chromatography; HPLC), 
detection (mass spectrometric; MS), de-salination and pre-concentration (solid phase 
extraction; SPE), of analytes present in the culture water sampled during the period of 
maximum DON, were developed. The successful chromatographic separation of LMW 
peptides was achieved using a Phenomenex® Gemini Gig column in conjunction with 
mobile phases of acidified MeOH and water. The SPE method was developed on a 
Hamilton PRP-1 column containing a polystyrene divinylbenzene stationary phase (PS-
DVB). During the extraction process the increased hydrophobicity o f the PS-DVB phase 
was predicted to yield increased recoveries of peptides, when compared to analogous d g 
phase cartridges. The method was transferred to extraction cartridges (500 mg, StrataX). 
Further investigations were then carried out into the affects of salt and dissolved organic 
matter on the extraction process. 
Samples were prepared by applying the extraction method to 1 L supematants o f 
culture water samples. The HPLC protocol was used to separate the components o f the 
complex sample prior to data acquisition in both fiiU MS mode and in the data dependent 
mode (DDMS). Mass spectra and chromatograms of ions unique to the cultured waters 
were identified. Further instrument manipulation allowed interfering ions to be diverted 
away from the mass analyser and consequently multistage mass spectrometry (MS^) to be 
carried out on unique ions that exceeded the threshold intensity o f I x 10^. 
Unique ions identified in the axenic cultures were two amino acids TYR and a 
modified structure isomerically/isobarically related to TYR. Seven peptides were partially 
sequenced. These were H-(VAL, THR, Xxx)-OH, H-(GLN/LYS, ALA, ASN, Xxx)-OH, 
H-(ASN, ALA, GLU, Xxx)-OH, H-(VAL, GLU, Xxx)-OH, H-(SER, HIS, Xxx)-OH, H-
(PRO, XLE,HJS, GLN/LYS, GLY, Xxx)-OH and H-(Xxx, XLE, GLN/LYS, XLE, GLU)-
OH. One whole peptide was tentatively proposed as H-TRP-PHE-OH. A significant loss o f 
data was observed between the unique peptide ions identified in the MS analysis and the 
ions that underwent CID during the DDMS analysis, because they were below the 
threshold ion count or co-eluted with a more dominant ion. 
The method development carried out through this study has enabled the successftil 
analysis o f samples previously considered incompatible with LC/MS instrumentation. The 
method can be applied to all aquatic environment samples for both contaminant removal 
and preconcentration requirements and can be seen as an initial step from which many 
different avenues of future work may be explored. 
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L I . Dissolved Organic Nitrogen in the Marine Environment 
Less than 30% of marine dissolved organic matter (DOM) has been identified at a 
molecular level, such as combined amino acids, carbohydrates and solvent-extractable 
lipids (Williams and Drufifel, 1988). The remainder has received little attention due to its 
complexity (Benner, 2002). A further, prominent gap has been highlighted over the past 
ten years, regarding knowledge of the composition of produced organic matter (OM) and 
its cycling by marine organisms (Tanoue, 1995). 
Dissolved organic nitrogen (DON) is a subset of DOM, and constitutes 60-69% of 
the total dissolved nitrogen pool, with the exception o f the deep-ocean and molecular 
nitrogen (Bronk, 2003). The dissolved fi-action is operationally defined as that which 
passes through a 0.2 n m filter (Carlson, 2002). DON comprises a heterogeneous mixture o f 
labile and refi-actory moieties (Bronk, 2002). The refractory components are more 
abundant (40 - 60 % o f the TDN pool), but the smaller, more labile compounds (5 - 20 % 
of the TDN pool) are being increasingly recognised as a potentially rich source o f nutrients 
for microorganisms (Bronk, 2002; 2003). Of this complex mixture of compounds which 
are largely unidentifiable, only 5-20% is biologically reactive (Bronk, 2002). The chemical 
composition o f DON affects its bioavailability (Wetz and Wheeler, 2003). Biological 
transformations by marine organisms are proposed to primarily channel 95% of the 
multiple transformations involving DON. 
Concentrations of DON vary widely within the aquatic environment. The 
highest values are observed in riverine and estuarine environments, decreasing fi-om 
coastal waters to the open ocean. The lowest concentrations have been measured in the 
deep ocean, as shown in Figure 1.1 (Bronk, 2002). The DON contribution to total 
dissolved nitrogen (TDN) for the surface ocean and the riverine environment are almost 
identical 60 % ) . The estuarine environment again contains the highest proportion of 
DON with regards to TDN being approximately 70%. The value decreases to 65% in 
coastal waters. By comparison the deep ocean contribution, at 10%, is considerably lower 
2 
(Figure 1.1). This is due to increased scavenging and cycling of the surface water 
compounds and respiratory nitrification below the oxygenated surface layers (Zehr and 
Ward, 2002). 
Estuanne 23.13 
4.68 
Estuanne 
Coastal 
Figure 1.1 The average concentration of DON (Top) and its concentration as a percentage of TDN 
(Bottom) observed in different aquatic environments from riverine to deep ocean (adapted from 
Bronk, 2002). 
Bronk and Ward (2000) suggested that the Dugdale and Goering (1967) definition 
of new production and regenerated production was pertinent to the DON discussion. New 
production refers to marine primary production using inorganic nutrients supplied fi-om 
deep ocean waters (Dugdale and Goering, 1967). Regenerated production was previously 
assumed to be driven by ammonium (hereafter NH**) recycled in the surface layers 
(Eppley and Peterson, 1979), but may well be propelled largely by DON, challenging the 
established model (Bronk and Ward, 2000). 
As a bulk parameter, DON is routinely determined in oceanographic studies. 
However analysis is not straightforward and relies on the three separate measurements; 
total dissolved nitrogen (TDN), and total dissolved inorganic nitrogen (TDIN) which 
comprises the summed concentrations of nitrate (NOi") + nitrite ( N O 2 ' ) + NRj^ (Equation 
1). 
[DONI = (TDN|- |TDIN| (I) 
Hedges (2002) approximated that lO'^ different organic molecules were present in 1 mL of 
seawater, with the average oceanic concentration of DON estimated at ~1 mg mL"' (Sharp, 
1983; Hedges, 1992; Powell el ai, 2005). Therefore, for any moiety of this complex 
mixture to be present at a measurable concentration, in situ biological production and 
consumption processes must be spatially and temporally uncoupled (Carlson, 2002). Urea 
(5%), dissolved hydrolysed amino acids (DHAA; 13%) and methylamines (1%) are all 
key, measurable components of the DON pool. The remaining 81% is believed to be 
dominated by reflectory humic and flilvic acids and a proportion of nucleic acids (Bronk 
2002). The high molecular weight (HMW) pool is believed to be dominated by amide 
compounds, originating fi-om bacteria (Tanoue, 1995). The low molecular weight (LMW) 
pool, which is smaller than the HMW pool, could be sustaining life in the nutrient-depleted 
open ocean surface layers. A variety of compounds are present in LMW DON but a lack of 
methods appropriate for their molecular level analysis has hindered characterisation. The 
LMW (< 1 kDa) DON pool comprises urea, dissolved combined amino acids (DCAA), 
dissolved fi-ee amino acids (DFAA), amino sugars, purines, pyrimidines, pteridines, amides 
and methylamines (Table 1.1). Urea is a waste metabolite and a break down product of 
purines and pyrimidines (Antia et aL, 1991). DFAA concentrations tend to be lower than 
those of DCAA, due to the close coupling between assimilation and release (Fuhrman, 
1990) although exceptions have been noted during algal blooms (Sellner & Neally, 1997) 
with huge variations occurring according to season, depth, location and time of day 
(Mopper & Lindroth, 1982; Fuhrman ei aL, 1990). Amino sugars (including 
peptidoglycans) are microbial in origin and are a catabolic product o f chitin polymers 
(Benner, 2 0 0 3 ) . Pteridines are a large structurally varied group of compounds involved in 
the biosynthetic pathways of co-factors and vitamins (Antia, et al., 1991). Methylamines 
are the resulting degradation products o f alkyi and quaternary amines that control cellular 
osmo-regulation (Gibb, 1999). 
Compound % of DON Concentration Origin Source 
Urea 5.23 +/-
3 . 4 % of 
DON 
0 - 1 3 \iM Organic matter 
decomposition/ 
organism excretion 
Bronk, 2 0 0 2 
DCAA 7.2 + / -
4 . 3 % of 
DON 
0 . 1 5 - 4 . 2 0 f i M All living organisms Sharp, 1983 
DFAA 0.001 - 0 . 7 0 [iM Primary producers Mopper and 
Lindroth, 1982 
Fuhrman, 1990 
Humic acids 1 0 - 2 0 % 
of DOM 
Hydrophilic organic 
acids resulting from 
the microbial 
degradation of plants 
Thurman, 1985 
Hydrophilic 
fijlvic acids 
> 5 0 % 
DOM 
Nucleic acids; 
purines, 
pyrimidines 
and pteridines 
4 .24 X 1 0 ' ' - 12.6 
M M 
All living organisms Antia et al., 
1991 
Methylamines 1 % of DON Biological 
distribution 
Gibb et al., 
1999 
Table I . I The characterised components of marine DON. The average measured concentrations, 
percentage contributions to DON and possible origin are included. 
The dissolved combined amino acid pool (DCAA), which consists of proteins, 
oligopeptides, polypeptides and humic-bound amino acids, is the largest identifiable 
portion (Hubberton et a/., 1985; Bronk, 2002; Berman and Bronk, 2003). Proteins 
dominate the DCAA pool in eutrophic systems (Billen, 1991) and when degraded by 
enzymatic/ bacterial processes, a large portion becomes unrecognizable to routine chemical 
analysis (Hedges, 1988; Bronk, 2002; Powell et aL, 2005). The labile con^onent of DCAA 
is dominated by L M W oligopeptides, M R < 1,500 Da (Biddanda and Benner, 1997). 
DCAA is the largest identifiable portion of DON released directly from phytoplankton 
cells (Bronk, 1993; 2002 Bronk et al., 1994; Berman and Bronk, 2003) and consists of 
proteins, oligopeptides, polypeptides and humic bound amino acids (Hubberton et al, 
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1995). Little knowledge exists on peptides present in marine waters, or the enzymatic 
methods used by marine microorganisms to facilitate their utilisation (Nunn et ai, 2003). 
Marine waters contain many diiferent proteins and peptides at various concentrations and 
stages of degradation (e.g. chelated or conjugated with organic compounds, metals or 
minerals; Nunn et a/., 2003). 
Pantoja and Lee (1999) observed the release and utilisation of intermediate LMW 
counterparts from starting HMW proteins and peptides. The complete degradation o f 
proteins seems to be a stepwise process, where the rate of hydrolysis of the 
macromolecules depends on the size of the molecule (Pantoja and Lee, 1999; Nunn et aL, 
2003). The resulting chemical structures are an important factor when deciphering 
degradation and preservation controls in the environment (Nunn et aL, 2003). The 
molecular weight analysis of estuarine waters has shown that a high percentage of DCAA 
comprises peptides with less than 10 amino acid residues (Coffin, 1989). Proteolytic 
enzymes bound to bacterial cell walls are thought to be responsible for the high turnover of 
dissolved proteins to produce peptides of less than 5 amino acid units that can be absorbed 
directly by cells (Payne, 1980; Hollibaugh and Azam, 1983). Peptides are taken up 
independently of, and at similar rates to, amino acids by heterotrophic bacteria (Kirchman 
and Hodson, 1984; Coffin 1989). Marine bacteria may preferentially assimilate peptides 
over unitary amino acids as peptide molecules provide more carbon and energy, at a 
similar energetic cost to free amino acids at the same concentration (Decho ei a/., 1998). 
Nagala et al. (1998) suggested that the turnover rate o f proteins in seawaler was o f 
the order of hours to days. This is similar to the turnover time measured for amino acids 
and other components of the DFAA pool (Coffin, 1989; Keil and Kirchman, 1993). The 
turnover time of fresh extracellularly-released LMW peptides should be similar. The 
lability of exudates was recognised as high, especially in terms of their worth as a food 
source for bacteria. Therefore, axenically-cultured algal exudates could accumulate a 
complex mixture of L M W macromolecules that would, under environmental conditions be 
assimilated or hydrolysed. A major historical problem vAth analyses o f this type is that 
most methods have lacked the analytical specifity or the ability to obtain structural 
information for the characterisation o f unknown analytes. 
The paucity of data on the characterisation of marine DON is mainly due to the lack of 
suitable chromatographic methods for its analysis (Benner, 2002). Amino sugars, 
glucosamine and galactosamine have recently been measured using anion exchange 
chromatography/amperometric detection (Benner, 2002). In contrast amino acids have 
been determined routinely for more than 25 years (Lindroth and Mopper, 1979). The 
chromatographic measurement of glycine (GLY), arginine (ARC), alanine (ALA), 
phenylalanine (PHE), serine (SER), threonine (THR), aspartic acid (ASP), valine (VAL), 
tyrosine (TYR), histidine (HIS), isoleucine (ISO), glutamic acid (GLU), lysine (LYS), 
methionine (MET) and leucine (LEU) have been routinely carried out since the method 
was developed. The amino groups o f glutamine (GLN) and asparagine (ASN) are removed 
during the acid hydrolysis step, therefore the reported GLU and ASP concentrations are in 
fact, [GLU + GLN] and [ASP + ASN] respectively (Hubberton et aL, 1995). Analysis and 
sample preparation is a laborious process. DCAA has been routinely examined using this 
method after acid hydrolysis to break it down into its component amino acids 
(Sommerville and Preston, 2001). Due to the often-complex mbctures encountered, the 
contribution of individual amino acids to individual compounds is not easily assessed and 
often only proportional or rational information can be assigned. A direct method for the 
analysis of peptides as intact molecules could allow structural identification to be made 
without the need for complex hydrolysis and derivatisation steps. 
1.2. Biotic Production of DON in the Marine Environment 
The mechanisms by which DON is released into the water column are active 
exudation, passive diffusion, and excretion by microorganisms, lysis of cellular material by 
viruses and sloppy feeding by micro/macro zooplankton (Figure 1.2). These minute 
organisms control the observed distribution of marine DON with net DON production most 
evident in oceanic regions hosting annual phytoplankton blooms (Carlson, 2002). Biotic 
DON fi-om all living organisms will be present in either primary or secondary form. It has 
been proposed that a marine community of 0.5 - 30 x 10^ species, covering prokaryotes 
(algae) and eukaryotes (bacteria), are the source o f 2.5 x lO'** - 1.5 X lO'^ of primary 
products, and many associated secondary products, in the marine environment (De Vries 
£ind Hall, 2004). The processes depicted in Figure 1.2 are sources of L M W DON. The 
ambient concentration of a dissolved analyte is a balance between its synthesis and 
degradation (Powell et al., 2005). A compound with multiple sources will usually be 
conserved because its total net production is increased (Carlson, 2002; Powell, et al, 
2005). 
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Figure 1.2 Biotic sources of DON in the marine environment (idapted from Carlson, 2002; Zehr and 
Ward, 2003). 
I he majority of marine OM originates from phytoplankton (Biddanda and Benncr. 
1997). rhe little that is known about the composition of phytoplankton-derived DON 
indicates that it comprises many biochemical products, such as carbohydrates, N -
containing compounds, lipids and organic acids (Hellebust, 1974; Lancelot, 1984; 
Biddanda and Benner, 1997; Ward and Bronk, 2001). In oceanic, coastal, and estuarine 
waters an average of 25 - 41 % o f DIN (NH4' and NO3 ) taken up by phytoplankton is 
released as DON, and has a turnover time of 6 - 91 days (Bronk et al, 1994). This turnover 
time is shorter than that of DIN, indicating a greater reactivity than previously assumed. 
I he longer turnover times equate to the non-labile DON pool. Phytoplankton-derived DON 
therefore falls into the labile pool (Bronk, 2002). 
Until 1972, algal excretory products were considered to be primarily carbohydrates 
low in N , with the exception o f those produced by Cyanophyta. Newell et al. (1972) noted 
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that excretory products appeared to have the properties of LMW peptides and concluded 
that the excretion of nitrogenous material from phytoplankton was a continuous process 
(Newell et aL, 1972; Tada et aL, 1988). Since then research suggests that a major portion 
o f DON released by oceanic phytoplankton consists of L M W peptides (Jensen, 1983; 
Lancelot, 1984; Biddandaand Benner, 1997). 
1.2.1. Extracellular Release of DON by Phytoplankton 
DON from phytoplankton arrives through extracellular release, grazer-mediated 
release, viral and bacterial lysis, autolysis and mechanical breakage (Bronk, 2002). 
Extracellular release (ER) occurs via, active exudation and passive diffusion (Bronk, 2002; 
Carlson, 2002). 
1.2.1.1. Active Exudation 
Active exudation from algal cells has been described as resulting from varying 
illumination and nutrient exposure, including the Fogg overflow model (Fogg, 1983; 
Bronk, 2002; Carlson, 2002). Osmotic changes caused by elevated light levels have been 
known to cause the direct release of reduced IN and ON (Lomas and Glibert, 1999). 
Photosynthesis is regulated by illumination and cellular growth is dictated by the 
availability of IN. The incorporation o f cells' photosynthates is often slower than the 
production rate so these compounds are actively released as low emd high molecular weight 
molecules. The process was proposed to correlate with the photosynthetic rate, and to be 
absent at night (Fogg, 1966). 
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1.2.1.2. Passive DifTusion 
Passive diffusion occurs when LMW compounds (NO3", urea etc) permeate the cell 
membrane in response to large concentration gradients between the intracellular and 
extracellular pools (Bronk, 2002), with the rate of release dictated by physiological 
parameters such as light intensity and temperature (Carlson, 2002). The concentration 
gradient may be maintained by the continual assimilation of extracellular DON by bacteria 
behaving as ectoparasites (Bjomsen, 1988; Bronk, 2002) and correlated to phytoplankton 
biomass rather than photosynthetic rate (Carlson, 2002). 
Active cellular release of DON from cells can occur via autolysis, where enzymes 
produced by the same organism disrupt the membrane of the cell); viral lysis, where 
infection ruptures the cell wall; or just the natural senescence of the organism. Viral lysis is 
believed to contribute significantly to the DOM pool, through the conversion of cellular 
material (Weinbauer, 2004). No figures have available for the potential contribution to the 
DON pool, however a good review of the processes involved was published by Weinbauer 
(2004). The action of higher trophic levels leads to the release o f DON through faecal 
pellet dissolution, sloppy feeding and excretion (Bronk, 2002). 
DON released from cells (prior to any potential re-mineralization or cycling by 
bacterial pathways) has been proposed to demonstrate greater lability than the 
macromolecules of particulate phytoplankton (Jumars et al, 1989). Labile DON is respired 
in hours to days and has previously been ignored because o f minor contributions to the 
sinking PON pool (e.g. Eppley and Peterson, 1979 in Wetz and Wheeler, 2003). 
The highest recorded DON concentrations occur at the onset of nutrient replete 
conditions after a bloom event. This has been established in both laboratory batch cultures 
and field samples (Lancelot, 1983; Flynn, 1990; Bronk et al, 1994; Obemosterer and 
Hemal, 1995; Williams 1995; Bronk 2002; Wetz and Wheeler, 2003). Little DON is 
thought to be released via extracellular means, during growth under high nitrate conditions 
(Sharp, 1973), though this is species-dependent. A fraction o f directly-released DON 
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undergoes abiotic modifications such as adsorption, condensation and photochemical 
reactions, resulting in a less labile DON pool (Hedges, 1988; Keil and Kirchman, 1994; 
Nagata and Kirchman, 1996; Fitzsimons et al, 2001). In contrast, Williams (2000) noted 
that refi-actory DON may well be an inherent component o f "fi-esh phytoplankton", 
suggesting that DOM released from phytoplankton may become refractory upon release 
(Brophy and Carlson, 1989; Ogawa et al., 2001). DCAA can be stabilised by reaction with 
DOM, making it recalcitrant and unavailable for heterotrophic utilization (Keil and 
Kirchman, 1994; Lara el al., 1997). Under neutral conditions (not bloom phenomena) 
phytoplankton DON should be degraded to more refractory or particulate forms (Eppley 
and Peterson, 1979; Kirchman, 1994; Lara ei al., 1997). Under conditions of elevated 
DON, a wide range in bioavailability of the different constituents of fresh phytoplankton-
derived material has been observed (Cherrier and Bauer, 2004), Substrate preference by an 
organism can cause physiological stress when nutrients are present or absent. For example, 
Phaeodactylum tricornutum are an ephemeral species that bloom in high NO3' 
concentrations (Cresswell and Syrett, 1981; Syrett, 1981) in contrast to the endemic 
Thalissiosara, which requires a constant supply of DON to meet its N requirements (Flynn, 
1990). 
7. J. Phaeodactylum tricornutum 
Diatoms are brown algae o f the division heterokonta and are believed to have 
evolved from a secondary endosymbiosis between a red alga (Rhodophyta) and a 
heterotrophic flagellate (related to Oomycetes) around 300 million years ago (Gibbs, 
1981). As the most prolific plant life in the ocean, they undertake the bulk of marine 
primary productivity especially in coastal regions (DeLong, 2005). They exist in the 
oceans to the limits of the photic zone and are believed to be the most important group of 
eukaryotic phytoplankton. They are proposed to be responsible for 25 — 40 % o f marine 
primary productivity (Falkowski, 1998; Van Den Hoek, 1997). Their brown colour is due 
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to the presence of flicoxanthin and chlorophylls a and c in their light harvesting antenna 
complexes (Falkowski, 2001). They are capable of C 4 photosynthesis, which is restricted to 
a small? number of terrestrial plants (e.g. sugar cane and maize), allowing more efficient 
utilisation of available C02than the C 3 pathway (Reinfelder, 2000). 
P. tricornutum were chosen as the diatom species for this study purely for technical 
reasons. They are an ephemeral species that has demonstrated a high degree of adaptability 
to varying temperature, illumination and nutrient concentrations, as shown in Table 1.2. 
No quantitative oceanographic significance was ascribed to the reasoning behind this 
choice. 
Aspect of study Author 
Nitrate uptake Cresswell and Syrett, 1981 
Raimbault etal, 1990 
Cycling of DON substrates Berman and Bronk, 2003 
Utilisation of amino acids Flynnand Syrett, 1986 
Photosynthetic response Geidere/fl/., 1993 
Environmental adaptability Gokpinar, 1983 
Cellular composition changes and subsequent 
reaction to nutrient changes 
Larson and Rees, 1986 
Production of hydrophobic fluorescent matter Serrittie/^/., 1994 
Intracellular nitrogen and protein conversion Lourenco et ai, 1998 
Intracellular/ Extracellular amino acid pools Marsot etal, 1991 
Genomic expression of P.tricornutum Scala et a/., 2002 
Falciotore and Bowler, 2001 
Phytochelatins and reaction to transition 
metals 
Zhou and Wangersky, 1989 
Torres e/a/-, 1997 
Morelli et al, 2002 
Morelli and Scarano, 2001; 
2004 
Vasconcelos et al., 2002 
Scarano and Morelli, 2003 
Table 1.2 Examples of research performed using P. tricomutum. 
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1.4. Liquid Chromatography/Electrospray lonisation/ Mass Spectrometry of 
Peptides 
The ionisable, Ihermolabile, polar and non-volatile character of LMW peptides 
makes them ideal candidates for analysis via reverse phase-high performance-liquid 
chromatography/electrospray ionisation/mass spectrometry (RP-HPLC/ESI/MS; 
Chaimbault et al, 1999). Only the peptide component amino acids PHE, TYR and TRY 
can be directly detected underivatised using ultraviolet (UV) detection (Petritis et ai, 
2000). As an older method, the UV detection of large peptides ( M r > 1,500 Da) and 
protein related molecules included derivatisation stages during sample preparation that 
increased the volatility of the molecule or created a strong fluorophore/chromophore group 
(Adoubel et ai, 2000; Petritis et ai, 2002). The direct analysis o f underivatised peptides 
enabled by LC/MS was recognised as advantageous to reduce errors introduced by 
problems such as derivative instability, side chain reactions and reagent interference 
(Chaimbault et a/., 1999; Piraud et ai, 2003), and also overcame the lack of sequence and 
molecular mass information. The structural variability o f peptide molecules can now be 
identified using LC/MS, which has opened the pathway for the unambiguous structural 
elucidation o f peptides (Mehlis and Kertscher, 1997). 
The nature of peptides makes them difficult to transfer to the gas-phase, which is 
necessary for MS detection. MS systems separate ions according to the mass over charge 
ratio (m/z) of a series of ions [M+nH] Mass information on chromatographically-
separated peptides is enough to identify the peptide structure when dealing with known 
compounds. 
The MS detector produces mass chromatograms (graphs o f the MS signal intensity 
of each peptide over time). Peptide ions in chromatographic peaks may be characterised 
per se by their m/z values. Associated molecular masses can then be calculated. 
Overlapping peaks can be individually detected by their m/z value. A detected peptide can 
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then go on to be individually analysed or selectively enhanced by using MS" (Aguilar, 
2004). 
LCA4S is the key tool in proteomics, enabling amino acid sequencing and the 
identification of post-translational modifications. Obtained results are used in conjunction 
with software packages (SEQUEST) that can pick out peptide mass tags (amino acid 
sequence ions generated during tryptic/ enzymatic digest procedures e.g. multi-
dimensional protein identification (MudPIT; MacCoss et a/., 2002; Link et ai, 1999). The 
analysis of HMW peptides ( M r > 1,500 Da) and proteins has been widely reported (Mann 
and Wilm, 1995; Desiderio, 1997; D'Agostino et ai, 1998; Mehlis and Kertscher, 1997; 
Matsuo and Seyama, 2000; Tore et aL, 2000; Griffiths et al, 2001; Ashcroft, 2003; Gross, 
2004; Wysocki et aL, 2005). 
Prior to 2002, very few methods had been published on the analysis of LMW 
peptides via LC/MS (Petritis et al., 2002; Piraud et al., 2003), in contrast to the > 2000 
references published since 1993 on the detection and quantification of underivatised amino 
acids (Figure 1.3) and enzymatically/ tryptically digested HMW peptides using LC/MS 
(Chaimbault et al., 1999; 2000; Adoubel et ai, 2000; Petritis et al, 2000; Piraud et aL, 
2003). LC/MS analysis of peptides following solid phase extraction (SPE) clean up and 
pre-concentration avoids cumbersome optical detection methods, such as UV and 
fluorescence detection, that require pre- or post- column derivatisation (Dahlmann et aL, 
2003). Clean up procedures for excluding matrix-derived interferences prior to separation 
can be awkward, involving solvent precipitation and membrane dialysis (Hummert et aL, 
1999). 
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Small Nucleophilic 
N 
Glycine-CLY 
MW: 57.05 
Alanine-ALA 
MW: 71.09 
Serine-SER 
MW: 87.08 
p K . - 16 
Threonine-
T H R 
MW: 101.M 
pK.-^ 16 
Cysteine-CYS 
MW: 103.15 
pK, - 8.35 
Hydrophobic 
Valine-VAL 
MW: 99.14 
Leucine-LEU 
MW: I13.!6 
Isoleucine-ILE 
MW: 113.16 
Methionine-
M E T 
MW: 131.19 
Proline-PRO 
MW: 97.2 
Aromatic Acidic 
Phenylatanine-
PHE 
MW: 147.18 
Tyrosine-TYR 
MW: 163.18 
Tryptophan-TRP 
MW: 186.21 
Aspartic Acid-
ASP 
MW: 115.09 
pK. = 3.9 
Glutamic Acid-
G L U 
MW: 129.12 
pK^ = 4.07 
Amide Basic 
N 
Asparagine-ASN 
MW: 114.11 
Glutamine-GLN 
MW: 128.14 
Histidine-HlS 
MW: 137.14 
pK. = 6.04 
Lysine-LYS 
MW: 128.17 
p K . = 10.79 
Arginine-ARG 
MW: 156.19 
pK.= 12.48 
Table 1.3 The structures of the proteinic amino acids 
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1.4.1. H P L C 
The aim of HPLC is to generate a completely defined chromatographic elution time 
period for all analytes through the manipulation of the gradient in order to maximise 
separation without band broadening in the shortest chromatographic nm time (Aguilar, 
2004). Traditional HPLC separation techniques for peptide analysis, utilised non-volatile, 
ionic species such as phosphate buffers to aid chromatography, that were deleterious to ESI 
(Adoubel et al., 2000; Petritis et al, 2000). HPLC separation techniques for peptides 
include affinity, size exclusion, ion-exchange, and hydrophobic interaction (Gilar, 200a) 
interfaced with a number of detectors including diode array (Keyt et al., 1996; Eaton et al., 
2002), fluorescence (Albin et al., 1991) and electrochemical (Warner and Weber, 1989; 
Voegel and Baldwin, 2005) detectors. Non-volatile buffers used in these ionic separation 
techniques would lead to the deposition of salts upon the internal surfaces of the mass 
spectrometer, and consequently compromise ion transmission and ion-pair formation 
(U'naokaetaL, 1992). 
HPLC resolves component molecules fi^om within a mixture of peptides. 
Interactions between the peptides and the stationary phase occur in an orientation-specific 
manner, where the retention time (Ri) is determined by the molecular composition o f 
specific contact regions, and allows selectivity. The degree of separation between 
constituent analytes results fi-om a subtle interplay between the relative affinity o f the 
molecules for the stationary phase and the degree of diffiisive processes that occur during 
separation (Aguilar, 2004). 
High-resolution separation of peptides was required in order to exploit the MS and DDMS 
settings of the mass spectrometer. It would: 
1) Reduce the number of co-eluting analytes and the corresponding ion suppression 
caused by overlapping signals generated fi-om high and low abundance ions 
(Souveraign et ai, 2004; Shi et al., 2004) 
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2) Allow the greatest number o f components to be characterised when multistage 
analysis (MS") was employed (McCalley, 2005b). 
Reverse phase (RP) and ion pair (IP) - HPLC are the most compatible separation 
methods for use with ESI/MS (Adoubel et aL, 2000; Petritis et ai, 2002). The stationary 
phase of a RP separation column is non-polar with respect to the organic solvents of the 
mobile phase. Normal phase separation o f peptides (where the stationary phase is polar 
v^th respect to the organic solvents o f the mobile phase) has been documented by Yoshida 
(1999a; 1999b). Chromatography carried out using ion pair reagents (IPRs) is also carried 
out on a RP column with the IPR present in the mobile phase. RP sorbents separate 
peptides on the bases of differences in surface hydrophobicity. Binding to the surface o f 
the stationary phase is mediated through hydrophobic interactions between the solute and 
immobilised n-alkyl ligands. The zwitterionic nature of peptides allows them to be 
analysed as basic molecules under acidic conditions. This is beneficial to the analysis 
because RPLC performed at a low pH suppresses detrimental interactions between the 
protonated species and the ionised silanols of the stationary phase of the RPLC column 
(Garcia, 2005; Aguilar, 2004) and also prevents the atmospheric pressure ionisation (API) 
chamber becoming contaminated and the sampling orifice becoming plugged (Iribame & 
Thomson, 1979). Acidifying the solvent is particularly important for enhanced positive ion 
formation at the electrospray (Cech and Enke, 2001b). 
Solutes elute in order of increasing hydrophobicity during RP-HPLC. Very good 
resolution is achieved under a wide range of chromatographic conditions for both similar 
molecules and more structurally-distinct molecules. 
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1.4,2. I P / H P L C 
IPRs are used to increase the hydrophobicity of molecules by forming ion pairs 
with charged groups on anaiytes, improving the separation through increased interaction o f 
the molecules with the hydrophobic stationary phase (Garcia, 2005). 
Petritis et al. (2002) reported on the analysis of 23 small peptides by LC/ESI/MS 
using perfluorinated carboxylic acids as IPRs and octadecylsilica-based (C\s) column 
separation. The classic mobile phase volatile additives, formic acid (FA) and acetic acid, 
resuhed in elution of the 23 peptides at or close to the void volume (to) o f the LC column. 
Analysis was repeated using the IPR, trifluoroacetic acid (TFA), which did not separate the 
most polar peptides. Nonafluoropentanoic acid (NFPA) was found to be most suitable for 
the separation of small peptides. Heptafluorobutanoic acid (HFBA) is considered to be 
more efifective for the analysis of small peptides containing ARG, LYS and HIS amino 
acid residues (Adoubel et al,, 2000). TFA is, however, the IPR o f choice for separations 
C£irried out upon peptides < 1000 Da using a Cig stationary phase column (Yamaki, 1996). 
Anionic IPRs increase the hydrophobicity of peptides and, therefore, selectively influence 
the separation (Shibue et a/., 2005a; 2005b). 
The separation of peptides on a column containing a polygraphitic carbon (PGC) 
stationary phase, requires an IPR in the mobile phase to encourage the retention o f the 
most polar amino acids (Zhou, 1992). The PGC stationary phase is apolar and insoluble 
with, a highly-ordered crystalline surface and large bands o f delocalised electrons. The 
retention mechanism is a mixture o f hydrophobic and electronic interactions. It is also 
completely resistant to extremes of pH. IPRs are preferred for the analysis of peptides and 
have been evaluated using underivatised amino acid and L M W peptides in terms o f 
volatility, equilibration times and selectivity in conjunction with a number of columns (Cg, 
Ci8 and PGC) using evaporative light scattering detection (Petritis et al., 1999; Chaimbault 
etal., 1999; 2000). 
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IP is potentially problematic during ESl/MS (Hiraoka et aL, 1995), the method o f 
ionisation for this study. I f an anion/cation pairs strongly with the analyte, the analyte ion 
is prevented from carrying excess charge on the droplet surface therefore lowering the 
detected signal due to spray instability (Apflfel et aL, 1995; Garcia, 2005). This can mask 
the analyte signal generated during ESI/MS by 1.5 - 2.0 fold (Apfifel et aL, 1995; 
Kuhlmann et aL, 1995; Shibue et aL, 2005a) and is significant for strongly basic analytes, 
while weakly basic analytes are hardly affected (Kuhlmann et aL, 1995). The most polar 
analytes undergo most suppression (Bonfiglio, 1999). The majority o f methods utilise TFA 
(as ionic modifier, volatile buffer or I PR) despite associated suppression o f the MS signal. 
It is however considered unsuitable for sensitive MS detection (Garcia, 2005). Analyte 
characteristics are vitally important in dictating the response o f the ESI. It was therefore 
evident that a method involving IPR would have to overcome the associated suppression 
problems in order to exploit their superior separation capabilities. 
The identification of peptides from digest protocols and other traditional proteomic 
techniques has been widely reported (Desiderio, 1997; D'Agostino et aL, 1998). In 
contrast, the identification of peptides < 500 Da was first reported in 2002 (Petritis et aL, 
2002). Although traditional derivatisation methods of peptide detection are becoming 
obsolete in the advent of LC/MS, the tagging of fiinctional groups is still used to identify 
terminal groups and unusual amino acid residues. Over the last three years, high-resolution 
separation of small peptides via RPLC/ESI/MS has become routine with the advent o f 
nanoflow LC, capillary column separation and strategies based around 2D gel 
electrophoresis (Cutillas, 2005). 
1.4.3. E S I 
Mass spectrometric detection requires that analyte ions are in the gaseous form. 
This has posed a problem for analysis of dissolved, non-volatile analytes, especially i f the 
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solvent was also non-volatile (Cech and Enke, 2001a; Cech et al., 2001b). ESI transfers 
intact molecules to the gas phase, allowing structural information to be obtained fi^om 
molecular or pseudomolecular ions fi-ora mass spectrometric detection ([M+H]^, 
[M+nH]"^. ESI is a soft ionisation technique, where the degree of softness of the ion 
transfer method is measured by the degree to which fi-agmenlation of the ion is avoided 
(Kebarle £ind Ho, 1997). The processes involved are shown in Figure 1.3. The 
concentration of any one analyte in solution should not exceed 1.0 | ig mL"' when LC 
separation is utilised (Kebarle and Ho, 1997). 
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Figure U . The production of electrospray gas-phase ions from the electrolyte ions in solution. 
Charged droplets are produced at the E S capillary tip due to the applied voltage, which in turn causes 
enrichment of the surface liquid by positive analyte ions. This leads to de-stabilisation of the meniscus 
and consequent formation of a Taylor cone. Jets of liquid are in turn released emitting charged 
droplets that hold an excess of positive ions. Shrinkage of these charged droplets by solvent 
evaporation, and repeated droplet disintegration, leads to gas-phase ion production (Adapted from 
Wang and Cole, 1997; McCormack, 2002). 
Two theories exist concerning the formation of gas phase ions. Iribarae and 
Thomson (1976) proposed the 'Ion Evaporation Model' where gas phase emission occurs 
directly from very small droplets. Ion emission becomes the dominant process for droplets 
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with radii less than 10 nm. In contrast Dole et al, (1968) proposed the 'Charge Residue 
Model' where smaller droplets are formed via successive coulombic fission until they 
contain one excess charge. 
In experiments carried out in the positive ion mode, the number o f basic sites on an 
ion is believed to determine the maximum number of protons that may be attached to the 
analyte (Wang and Cole, 1997; Cech and Enke, 2001b; Wysocki et al, 2005). The positive 
ion mode allows the production of positively charged ions directly fi-om samples in 
solution. The number of basic residues in a protein or peptide has been repeatedly reported 
as to be directly related to the charge state of the analytes observed in ESI mass spectra 
(Loo and Loo, 1997; Cech et ai, 2001b; Paizs and Suhai, 2005; Wysocki et ai, 2005). A 
residue is defined as an amino acid that was once polymerised within a peptide, that has 
subsequently undergone cleavage at the peptide bonds (due to CID) and fi^gmented at the 
b-/y- linkage of the peptide backbone (Chapter 5, Section 5.22). Due to evaporation of the 
solvent, the concentration and pH o f the analytes and the solute can undergo significant 
changes, especially i f acidic or alkali buffers are present in the volatile solvent (Kebarle 
and Ho, 1997; Van Berkel et ai, 1997; Wang and Cole, 1997). ESI response is always 
greatest for compounds with greater non-polar characteristics (Cech and Enke, 2000; 
2001a; Cech et ai, 2001a). Cech and Enke (2001b) analysed an equimolar mixture of sbc 
tripeptides with differing C-terminal residues via ESI/MS. The most intense mass spectral 
peaks corresponded to peptides with non-polar (hydrophobic) side chains (Zhou, 2000; 
Cech et ai, 2001a). Increased responses were observed fi-om GLY, ALA, V A L , PHE etc, 
whereas TYR as the C-terminal residue, gave a very low response because of the - O H 
group attached to the phenol ring on the TYR residue. 
Mass spectrometric sensitivity is a measure o f the efficiency by which molecules 
are converted to the gas-phase ions and subsequently transferred to various stages o f the 
mass spectrometer and ultimately detected (Cech and Enke, 2001a; Cech et ai, 2001b), 
The response o f the electrospray is directly related to the proton affinity o f the analyte o f 
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interest, the greater the number of basic groups or the non-polarity of the compound the 
higher the observed response to the analyte at the mass analyser (Cech, et al., 2001a). A 
quadrupole ion trap (QIT) is more sensitive for full spectrum analysis than a quadnipole, 
because it employs batch analysis. A normal quadrupole demonstrates greater sensitivity 
during single ion monitoring (SIM). However, higher sensitivity analysis requires fewer 
scans to be averaged in order to obtain a clean spectrum (Zhou and Cook, 2000; Cech et 
a/., 2001b). 
1.4.4. Solvent System 
The ideal solvent composition for ESI analysis varies with application. The 
response of the anaiytes will be enhanced or suppressed depending on the solvent 
composition. Compromises are made during gradient elution. The idea! solvent for ESI 
maintains a stable spray because o f a stable surface tension. Methanol (MeOH): water 
mobile phases where the MeOH accounts for 50 - 90% demonstrate the most stable spray 
characteristics, followed by acetonitrile ACN (40 - 95%) and then combinations of 
MeOH/ACN with Isopropan-l-ol (IPA; up to 50 % of the organic phase) 
The greater the aqueous component of the solvent the greater the surface tensions 
during droplet formation and the chance of solvent clusters forming is increased. Solvent 
clusters equate to chemical noise by clustering to the analyte or creating a high background 
signal. The mass spectral response o f organic anaiytes is higher when they are dissolved in 
a solution containing a higher percentage of organic solvents. More efficient desolvation is 
achieved because o f the use of higher volatility solvents and decreased surface tension 
means that the spray stability is improved (Cech and Enke, 2001a and references therein). 
An organic content exceeding 80 % can lead to the response o f the ESI decreasing, because 
the liquid surface tension decreases so that it becomes unstable. The conductivity of the 
ESI solution is important and requires an increased concentration o f some ionic species 
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such as H ^, from formic acid, which is required for charge separation to be imparted at the 
capillary tip. 
1.4.5. Gas-Phase Basicity and Proton Affinity 
Gas phase basicity and proton affinity (PA) are intrinsic to the analysis of peptides, 
proteins and amino acids. Peptides always have a high gas-phase basicity (Cech et aL, 
2001b). The gas-phase PA of individual amino acid residues present in a peptide sequence 
differs from those of individual singly charged amino acid ions. The water molecule is 
representative of the condensation reaction that occurs in the formation of a peptide bond. 
Apparent gas-phase basicity values depend on the degree of solvation and the di-electric 
shielding provided by the accessible polarisable portions of the molecule itself (Paiz et aL, 
2002). Gas-phase intramolecular interactions, such as the self-solvation of charge sites 
stabilise the charge at a given amino acid residue. When the di-electric shielding of 
charged sites by the solvent is lost in the gas phase coulombic repulsion coulombic 
repulsion is significantly increased. The self-solvation of apparently neutral amino acid 
residues increases their charge aflSnity but the presence of a basic amino acid residue 
close-by will decrease this (Wang and Cole, 1997). 
An analyte must be basic in solution or the gas-phase for it to become protonated 
(Cech and Enke, 2001a; Cech et aL, 2001b). The ESI analysis of basic analytes works best 
at low pH and in the positive mode (Wang and Cole, 1997). However, the protonated ions 
of basic analytes can be observed when ESl/MS analysis is performed with basic solutions, 
where the pH is higher than the pKa and acidic ftmctional groups are negatively charged in 
the liquid phase (Wells, 2000) and vice versa (Wang and Cole, 1997; Cech and Enke, 
2001b; Zhou and Cook, 2000). No correlations between the solution pH and the analyte 
pKa have been reported because the pH o f ES droplets may be considerably different from 
that of the bulk solution. Protons are generated through the electrolytic oxidation o f water 
24 
during positive ion ESI, which can decrease droplet pH by up to four units (Van Berkel, 
1997; Van Berkel et al, 1997). 
The response of ESI/MS can be affected by gas-phase interactions (Kebarle and 
Peschke, 1999). The charging o f peptides during ESI/MS in the gas-phase occurs through 
gas-phase proton-transfer reactions (Kebarle and Peschke, 1999). Molecules that were 
protonated in solution yield their protons to solvents or analytes with a greater PA during 
the gas-phase (Cech and Enke, 2001b). An inversion occurs in the order i f basicity among 
series of molecules proceeding from solution to the gas-phase during gas-phase proton 
transfer (Kebarle and Peschke, 1999). As solution-based basicity and gas-phase proton 
EifBnity are not well related, an analyte with a large PA in the gas-phase may be only 
weakly basic in solution. PA is not directly related to pKa, which is a measure of solution 
phase basicity (Cech and Enke, 2001b; Cech et al, 2001b). In the gas-phase a molecule 
with a high gas-phase PA will abstract protons from the protonated form o f a molecule that 
has lower gas-phase basicity. An electrospray solvent with a higher gas-phase PA than an 
analyte will completely suppress the response of the analyte (Amad, 2000). Thus, the 
solvent provides a cut-off point for determining which analytes can be analysed by ESI. It 
is important that the PA of the solvent is less than that of the analyte of interest. Neutral 
analytes that evaporate from the charged molecules can become charged through these gas-
phase interactions (Cech and Enke, 2001b). 
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1.5. QIT/MS 
A QIT makes use o f a three dimensional field in order to trap, dissociate and mass 
analyse ions. Analysis in full scan MS occurs in 3 stages. During multistage mass 
spectrometry (MS"), two further stages are carried out on selected ions in the chamber of 
the ion trap (Figure 1.4). These stages are represented in Figure 1.5 and are described 
below. Time periods for each stage are: 
• ion injection step, 0.001 - 1000 ms 
• isolation step. 5 - 30 ms 
• excitation step, 5 - 30 ms 
• mass analysis. 10 - 400 ms 
Eadaip 
Ring elcctfode 
Injected lODi. 
AC voltage 
RFvoHa^c 
I>ct«'Ctt)r 
Figure 1.4 A schematic of a Q I T mass analyser (Gross, J ; http://www.rzuser.uni-
heidelberg.de/~bl5/ency/pics/q_trap01.jpg). 
Ions are gated electrostatiticaUy from an external ES source for a specific time 
determined by the pre-scan into the QIT. The quadrupole field traps ions by maintaining a 
suitable radio frequency {rf) voltage on the ring electrode and a partial pressure of helium 
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(He) in the trapping chamber of about 1 mTorr, which keeps the ions central within the 
chamber. 
Excitation 
Pre-scan ^ Ion injection 
MS" Isolation 
M Mass analysis 
MS 
Figure 1.5 A represeDtation of the stages involved in full MS analysis and MS" analysis using a Q I T 
mass analyser. 
When fuU scan MS is carried out then the ions are ejected from the trap to the mass 
analyser. When MS" is carried out then pre-cursor ions are selected for fragmentation via 
collision-induced-dissociation (CID) at the isolation stage. Increasing the energy o f the 
pre-cursor ions by increasing the voltage within the ion trap, and colliding them with He 
atoms induces fragmentation. During mass analysis ions are ejected sequentially out o f the 
QIT chamber, through holes in the end-caps, to a post-acceleration dynode-electron 
multiplier detector. 
1.5.1. Coupling ESI to Q I T 
During ESI, anaiytes dissolved in solvent are at atmospheric pressure. The mass 
spectrometer ftmctions at a low pressure within a vacuum chamber. The atmospheric 
pressure of the ESI manifold and the ambient pressure of the QIT differ by eight orders of 
magnitude (Bier and Schwartz, 1997). The ions exiting the ESI are introduced to the QIT 
through a number of defined stages (Figure 1.6). 
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Figure 1.6 Representation of the ESI /QIT/MS (taken from Cole, 1997). 
At the point of introduction into the ESI manifold the solvent and analytes are 
contained within a stainless steel capillary (400 |xm i.d. x 115 mm length) that holds a 
voltage of 4.5 kV at its tip. The capillary is heated to 180-200 °C (depending on the 
thermolability of the analytes examined) and electrosprays (Section 1.5.3) the analyte/ion-
containing solution, effectively desolvating the ions into the gas-phase. The gas-phase ions 
are transmitted in a controlled manner through a metal skimmer using a tube lens with an 
applied voltage of 0-200 V. The voltage is then altered to -150 V to halt the transmission 
of ions. The transmitted ions are collected in the first rf octapole and transmitted to a 
second identical octapole. These guide the ions through chambers o f lowering pressure. 
The interoctapole lens transmits ions during the injection period and also becomes a barrier 
against large charged clusters that are generated at the ESI source. The second octapole 
directly injects the ions into the QIT, where a pre-defined pressure of He is present and an 
appropriate rf voltage is applied to the ring electrode. The injected ions collide with He 
atoms and the radial and axial ion trajectories are reduced whilst the trapping field 
continuously forces the ions inwards towards the centre of the device (Bier and Schwartz, 
1997). 
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1.6. Solid Phase Extraction 
SPE and HPLC originate from the same branch of separation science, sharing the 
mutual principles of adsorption and distribution of analytes between the stationary and the 
mobile phases (Gilar et al., 2001a). The use of SPE for the trace enrichment, and 
extraction, of all types of analytes (not exclusively amino acids and peptides) from 
interfering matrices is widely documented for both biological and environmental samples 
(Roubeuf ei o/., 2000; Gilar et al, 2001b). Past clean-up procedures for excluding matrix 
derived interferences prior to separation have been awkward, involving solvent 
precipitation and dialysis (Hummert, et al., 1999). Reverse phase SPE has been recognised 
in the past as the most efficient method of sample clean up for peptides (Poole et al., 2000; 
Gilar et a/., 2001b). 
Modem SPE sample preparation and RP-HPLC involve the adsorption and 
distribution of analytes between the mobile and the stationary phases (Poole et a/., 2000; 
Gilar et a/., 2001a). SPE is only appropriate when there are significant differences in the 
chromatographic selectivity between the analytes and the interfering matrix (Gilar et a/., 
2001a). The target analytes should be retained on the SPE cartridge and interfering 
components and salts washed through (Mehlis and Kertscher, 1997). 
Samples with high ionic strengths (e.g. seawater) can cause discharge and poor 
spray performance of the ESI interface (Gustaavson et al., 2001). Analytes are then eluted 
in the smallest possible volume of organic solvent. The sorbent must interact strongly with 
the analytes so that they do not break through at high solvent volumes. The sorbent must 
be able to adsorb all of the analytes or a large degree o f breakthrough will occur. Pre-
concentration of environmental marine samples is particularly important because o f low 
DON concentrations in surface and deep-water samples. 
Biological samples containing low peptide (< 1 \xM) and high salt concentrations (> 
15 mM) require only 2 - 3 mLs of sample fluid for detection (Mehlis and Kertscher, 1997). 
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The volume o f water required for trace-enrichment during these studies was anticipated to 
be greater. 
It is very difiScuJt to recover effectively multiple analytes from environmental 
samples, in a single extraction mode, especially those that range from hydrophiUc to 
hydrophobic extremes. Weak retention o f hydrophilic compounds when using reverse 
phase sorbents can result in their elution because a large sample volume has been 
processed to produce the necessary pre-concentration before a breakthrough volume is 
reached. On the other hand, hydrophobic compounds can be too strongly retained on the 
sorbent (Wells, 2000). Improved retention of the hydrophilic components is achieved when 
the sorbent quantity is increased (Gilar et ai, 2001b). 
The ionic character of a sample is manipulated by adjusting the pH. Acid-base 
equilibria plays an important role in the successful recovery of analytes via SPE. I f the 
analytes are retained solely by hydrophobic or van der Waal interactions, then the sample 
must be adjusted to neutral so that this bonding becomes the predominant interaction and 
unionised anaJyte forms are retained (Wells, 2001). These can then be recovered by an 
eluting solvent with a lower or higher pH. 
1.6.1. The Application of SPE to Marine Samples 
SPE has been applied to marine environmental samples for the purification of 
cyanobacterially-derived toxins, pesticides, agricultural chemicals, dissolved organic 
carbon, DON, humic acids, pharmaceuticals, surfactants, toxins, and petroleum fractions 
(Landrum et ai, 1984; Nakamura et ai, 1996; Hennion, 1999; Hummert et al, 1999; 
Wells 2000; Spoof et ai, 2003; Kloepfer et ai, 2004; Yang and Carlson, 2004; 
McElhinney and Lawton, 2005). The SPE o f marine-derived peptides is mainly 
documented in a biological context, where tissue extractions are being purified for 
proteomic and pharmaceutical analysis (Gilar et aL, 2001b; Palmblada and Vogel, 2005). 
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1.7. The Analysis of Dissolved Marine Peptides 
Proteomic technology has not yet been applied successfiilly to the characterisation 
of dissolved peptides and proteins in marine waters. Previous research has focused on 
peptides with specific properties, such as the heptapeptide toxins mycrocystin and 
nodularin derived fi-om cyanobacteria (Nivsarkar and Kaushik, 2002; Spoof et aL, 2003). 
Direct LC/MS analysis of these analytes has been used to determine their structural 
variations (Dahlman et aL, 2003; Spoof ei ai, 2003; Harada et ai, 2004). 
HMW peptides and proteins were investigated by Powell et al. (2005) with the aim 
of generating sequence tags (small peptide) indicative of specific proteins dissolved in 
seawater. The de novo sequencing of the mass spectra generated a number of amino acid 
sequences that were then subjected to a search using the SEQUEST® (Mascot/ 
Thermofinnigan Corporation) software in order to elucidate protein class and source. 
Powell et aL (2005) observed trends in conserved sequences for membrane proteins and 
enzymes other than those of bacterial origin reported by Tanoue et al (1995). The data base 
search was limited because the majority of data was of terrestrial origin. Recalcitrant 
dissolved proteins contain modifications and the presence of modified or unusual amino 
acids led to mass shifts that could not be identified by the software. These mass shifts can 
be accounted for because marine organisms are knov^oi to generate a number of uncommon 
amino acids such as p-methoxytyrosine, allo-threonine and allo-isoleucine (Hess et aL, 
2004). No software is currently available to interpret post-translational modification and 
modified amino acids, so much verification must be carried out manually. 
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1.8. The Analysis of Plankton-Derived Amino Compounds DissoKed in Marine 
Waters 
Amino acids exudated fi-om diatoms were analysed by Admiraal et al. (1996) using 
traditional hydrolysis and LC/UV detection. Surrounding water and cellular extractions 
fi-om microorganisms, such as algae and cyanobacteria, to monitor the toxins produced by 
the alga and the bacteria under bloom conditions have been carried out for LC/ESl/MS 
analysis (Dahlmann ei al., 2003). These toxins are cyclic heplapeptides known as 
mycrocystins and nodularins and are responsible for paralytic shellfish poisoning 
(Ramanan et al, 2000; Nivsarkar and Kaushik, 2002; Harada et al, 2004; Ruangyuttikan 
et al, 2004). Some research is currently underway into the peptides used as signalling 
molecules by microorganisms, including diatoms. These peptides have not been 
characterised (Wolfe, 2000). 
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1-9. This Study 
It has been identified that the major portion of DON is released by phytoplankton as L M W 
macromolecules (Jensen, 1983; Lancelot, 1984; Biddanda and Benner, 1997), with the 
DCAA fi-action recognized as the largest characterisable pool (Billen, 1991). The 
biologically controlled labile components of DCAA are known to be dominated by L M W 
oligopeptides (Mr > 1,500 Da; Biddanda and Benner, 1997). An algal monoculture was 
chosen for developing and testing the methods to avoid the complexity associated v^th 
natural waters in the first instance. 
The phytoplankton, P. tricornutum, was cultured axenically in order to extract and 
identify dissolved LMW peptide components. The axenic cultures were proposed to 
contain labile, non-labile and reflectory components. The objectives of this study were: 
• to develop a method for the recovery and analysis o f algal derived LMW peptides 
• to subsequently identify unknown peptides originating from an algal monoculture via 
LC/MS". 
The content o f subsequent chapters in summarised below. 
Chapter 2: This chapter contains an extensive account of the materials and methods used 
throughout the laboratory work alongside the results that were obtained during the 
culturing of the phytoplankton P.tricomutum. 
Chapter 3: This chapter documents the development of the L C / M S method that would be 
used for the analysis o f the final samples. A comprehensive overview o f the obtained 
resuhs from the varying columns, solvents and modifiers in conjunction with the peptide 
standards. 
Chapter 4: This chapter contains the development of the extraction method from the initial 
LC /MS experiments, to verify solvent volumes that would be required, to the final method 
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transferred to the extraction cartridges. The second part of the chapter looks at the effect 
that salt and DOM have upon the extracted peptide standards. 
Chapter 5: This chapter documents the results that were obtained when culture waters were 
extracted (with the method developed in Chapter 4) and analysed with the LC method 
developed in Chapter 3, in both full MS and data dependent mass spectrometric modes. 
Chapter 6: This chapter is a comprehensive overview and summary o f the work carried for 
this study. The final section is dedicated to ftiture work that can be carried out from these 
initial investigations. 
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2.1. General Laboratory Procedures 
Glass and plastic ware was soaked in 10% Neutracon™ solution for at least 24 
hours, rinsed (x 3) with MiUiQ water (collected at a resistivity o f 18.2 ohms; Millipore 
Corporation, Billerica, Mass., USA), immersed in a 10% acid solution (Certified grade, 
Fisher Scientific Ltd, Loughborough, Leics, UK) for a further 24 hours, then rinsed again ( 
X 5) with MilliQ water. Nitric acid was used for cleaning solvent bottles, lines and general 
glassware associated with LC/MS analysis. Hydrochloric acid was used to clean all other 
glassware. The cleaned glass and plastic ware was rinsed thoroughly with acetonitrile 
(Gradient grade, J T Baker®, Milton Keynes, Bucks, UK) or acetone (Specified Grade, 
Fisher Scientific Ltd, Loughborough, Leics, UK), and stored as closed containers or within 
clean plastic self-sealing bags. 
2.1.1. Sample Collection and Storage 
Water samples (See Table 2.1 for volumes), were removed from the algal cultures 
within the sterile environment of a laminar flow cabinet, safe flow cabinet or beneath a 
Bunsen burner flame umbrella. 
Analysis Sample 
Volume 
(mL) 
Filtered Centrifuged Frozen/ 
Refrigerated 0.2 nm 0.46 (im 
Cell counting 3 
Bacterial Assay 5 Frozen 
Total dissolved 
nitrogen 
10 V V Frozen 
Segmented flow 
analysis 
30 V Frozen 
Solid phase 
extraction 
100 
4000 
V V V Refiigerated 
Table 2.1 Volumes of samples removed for individual analyses and storage requirements 
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Samples analysed by air segmented flow analysis (SFA) or high-temperature 
catalytic oxidation (HTCO) were filtered under gravity with Sartorius Minisart 0.46 fim 
(Fisher Scientific Ltd) filters, followed by Sartorius Minisart 0.2 pm (Fisher Scientific Ltd) 
pore size sterile single use filters (henceforth referred to as Minisart 0.2 ^m or 0.46 jim 
filters), into 30 mL Sterilin'™ containers (Fisher Scientific Ltd). 
Sample for analysis by LC/MS were collected in PTFE containers (Nalgene, Fisher 
Scientific Ltd) of varying sizes, or into sterile skirted polyethylene centrifuge vials (TT®, 
VWR International Ltd, Poole, Dorset, UK). Samples were centrifuged at 3400 rpm for 
four hours prior to filtration with Minisart 0.2 | im filters. The supernatant then underwent 
solid phase extraction (SPE), the final elution collected in pre-packed sterile 7 and 15 mL 
clear vials with screw top solid caps, housing PTFE or Teflon™ liners (Supelco*™, Sigma 
AJdrich Company Ltd, Gillingham, Dorset, UK), and refrigerated (< 4 "C). Portions of the 
final samples were transferred to a 1 mL graduated polyethylene EppendorF*^ vials (Fisher 
Scientific Ltd) prior to analysis. 
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2.1.2. Algal Cultuiing 
P. tricornutum was purchased from the Culture Collection at Plymouth Marine 
Laboratory (Devon, UK). It was grown in sterile Aquil media (salinity 17.5) containing 
known quantities of nutrients, vitamins and trace metals (Section 2.1.4.). A salinity of 17.5 
was chosen to reflect estuarine/coastal conditions, an environment where P. tricomutum 
are known to proliferate. 
2.1.3. Apparatus 
All apparatus used for culturing is listed in Table 2.2, and was purchased from 
Fisher Scientific Ltd. 
Item Material 
20 L Naleene® carboy high-density polyethylene (HDPE) 
6 X 4 L Nalgene(S) culturing vessels HDPE 
4 X 1 L Nalgene® culturing vessels HDPE 
Sartorius Sartobran 300 for tissue culture 
media sterilisation sterile with automatic 
venting and double membrane 0.2|im pore 
size 
Cellulose Acetate 
Sterile Tubing Silicone and Teflon 
Nalgene® carboy lid with filling/venting 
closures 
Polytetrafluoroethylene (PTFE) 
Assorted clean storage vessel for nutrients, 
trace metals and vitamins 
Glass, Pyrex® and Teflon 
Table 2.2 Description of apparatus used for growing algal cultures 
2.1.4. The Preparation of Aquil Media 
TTie stock solutions, for the Aquil culturing media, were prepared according to 
Morel et ai (1979). Two modifications were made to this method: 1) the concentration o f 
salts was halved to give a salinity of 17.5 (This salinity was used because it is 
representative of estuarine and some coastal conditions, where the diatom P. tricornutum 
proliferate, and 2) the solutions were not chelexed, as trace metal analysis was not part of 
this study. The reagents are listed below and were o f analytical grade. Separate purchases 
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were made for the vitamins from Agros Organics (Fisher Scientific Ltd) and the sodium 
nitrate from Sigma-Aldrich (Gillingham, Dorset, UK). The remaining chemicals were 
purchased from BDH (VWR international Ltd, Poole, Dorset, UK). Stock solutions were 
made up according to the Table 2.3. 
Substance 
Initial 
Weight (g) Initial Stock 
Standard 
Ocean 
Water 
(SOW) NaCI 245.3 
20 L stock solution 
CaCl2.2H20 15.4 
KBr 1.0 
NaF 0.03 
KCI 7.0 
H3BO3 0.3 
Na2S04 40.9 
NaHCOa 2.0 
SrCl2.H20 0.17 
MgCl2.6H2 0 111.0 
Nutrients NaH2P04.H20 1.38 
1 L stock solution also 
containing 2.63 g o f NaCl 
NaNOs 8.50 1 L o f M i l l i Q 
Na2Si03.9H2 
0 
3.55 
1 L stock solution also 
containing 2.19 g o f NaCI 
Trace 
Metals 
CUSO4.5H2O 0.249 1 L stock solution 
(NH4).6M070 
24. 4H2O 
0.265 1 L stock solution 
C0CI2.6H2O 0.595 
MnCi2.4H20 0.455 0.1 L stock solution 
ZnS04.7H20 0.115 
FeCl3.6H20 0.122 Added straight to trace metal 
stock solution Na2 EDTA 1.86 
Vitamins B,2 0.011 
0.01 B12 stock solution 
Biotin 0.10 0.1 Biotin stock solution 
Thiamine HCI 0.020 
Added straight to vitamin 
stock solution 
Table 2.3 Components of the stock solutions of Aquil media 
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2.1.5. The Composition of Aquil Media 
The stock solutions were combined, as shown in Figure 2.1, to give I L of Aquil 
media. 
Cu 
1 ml. 
[Z 
Mo, Co 
Stock 
~ r ~ 
1 ml . 
Mn,Zn 
Stock 
Phosphate 
Stock 
N urate 
B12 Biotm 
0 1 ml . 1 ml . 
lluamine 
HCL 
0.02 g 
Mixed 
vitamin 
solution 
1 ml. 
Mixed trace 
metals 
solution 
FeClj , 
NaliDTA 
0.122 g 
1 1. 
1 mL 
0 5 ml. 
0.1 L 
Silicate 
Stock 
1 m l . 1 ml . 1 mL 
1 L 
AQUIL 
Staiidiird 
Water 
Figure 2.1 Scheme for the preparition of Aquil medium (modincd from Morel et a/., 1979). 
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2.L5.1. Seawater Salts (SOW) 
All hygroscopic salts were dried and stored under vacuum in a dessicalor. With the 
exception of MgC^, the seawater salts were dissolved into 20 L o f MilliQ. MgCh was 
added prior to filtering into the culturing vessels, in order to prevent precipitation. 
2.L5.2. Nutrients 
The sodium nitrate, sodium dihydrogen phosphate and sodium silicate were 
prepared as individual stock solutions. Each stock solution was filtered using Minisart 0.2 
^m filters straight into their storage vessel. The phosphate stock solution was stored in a 
Pyrex® solvent bottle to prevent the loss of phosphate ions through adsorption onto 
polyethylene or glass (Hassenteufel et al, 1963). Silicate stock solution was removed in 10 
mL aliquots and acidified to pH 8, using Primar grade hydrochloric acid (Fisher Scientific 
Ltd) prior to its addition. 
2.1.5.3. Vitamins 
The biotin and vitamin B12 stock solutions were adjusted to ~ pH 5, filter 
sterilised, as above, and stored in the refiigerator. The mixed vitamin solution was 
prepared by diluting the biotin and B12 solutions to 100 mL (according to the schematic) 
and the direct addition 0.02 g o f thiamine hydrochloride 
2.1.5.4. Trace Metals 
Three separate slock solutions, copper, molybdenum & cobalt, and manganese & 
zinc, were prepared and filter sterilised as above. Na2EDTA and FeCb were added directly 
to the combined trace metal solution with Na2EDTA added prior to the FeCb to prevent 
the precipitation of iron hydroxide. 
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2.1.5.5. Aquil Media 
The SOW, with added MgCh, was filtered using a Sartobran 300 filter into the 
culturing vessel, which was then autoclaved (125**C, 40 mins). A Sartobran 300 filer is a 
double layered high volume capacity filter fitted with 0.45 | im and 0.2 jim meshes. 
Nutrients, trace metals and vitamins were added to the cooled solution. The pH o f the 
Aquil medium was adjusted to ca. pH 6.5-7 using Primar Grade HCl, and the vessel left to 
equilibrate under culturing conditions (15°C, exposed to 14hrs light and 8 hrs darkness) for 
twenty-four hours. 
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2.2. Preparation of Cultures 
2.2.1. Non-axenic Culturing 
1 mL L"' o f P.tricomutum was added to prepared Aquil culture media in the culture 
vessels. The cell density was calculated using a sample removed from the stock culture 
and dividing this by 4 x 10^  to give the initial value in the new culture. This value could 
be variable but always within the magnitude of x 10^ cells within the new culture. The 
cultures were then left in the culturing cabinet and daily exposed to 14 hours of light and 8 
hours of darkness. This light regime was chosen to reflect an mid-late spring light regime 
which often coincides with an increased seasonal biomass in the oceans. The light intensity 
was 100 ^ M Photons m"^  sec"'. The vessels were shaken daily with loosened lids in order 
to aerate the media. 
2.2.2. Axenic Culturing - Innoculation of P. tricornutum with Antibiotics 
Working within a sterile airflow, 20 mL o f autoclaved Aquil media was decanted 
into 5 sterile (50 mL) skirted polyethylene centrifiige vials (VWR International Ltd). 210 
| iL of Antibiotic antimycotic (100-x) solution (Sigma-Aldrich Company Ltd) was pipetted 
into three of the vials. Into one of the vials containing the antibiotic antimycotic solution, 1 
mL of the stock P. tricornutum strain (part way through its growth phase) was added. The 
remaining vials containing autoclaved Aquil media (non-inoculated vials) and autoclaved 
Aquil media plus the Antibiotic antimycotic (inoculated vials) were frozen. On the fifth 
day of growth, I mL of the inoculated strain was transferred to a defrosted, non-inoculated 
vial, and returned to the culturing cabinet. The transfers carried on into alternate 
inoculated/ non-inoculated vials every five days. The fifth transfer was carried out into a 
4 L culturing vessel. A stock of the inoculated culture was prepared for the on going batch 
culturing. 
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2.3. Determination of Algal Growth Curve 
2.3.1. Apparatus 
5 mL of the uniform cell suspension was removed from the cultures, within a sterile 
air cabinet or under a Bunsen burner flame o f sterile air into Sterilin''''^ containers. Slide 
preparation equipment consisted of an Improved Neubauer Hemacytometer and cover slip 
(VWR International Ltd), Pasteur pipettes (Fisher Scientific Ltd), acetone and fibre free 
tissues. A Canon® CH inverted microscope with a 40-x magnification was used to 
examine the slides. 
2.3.2. Slide Preparation 
The Improved Neubauer Hemacytometer and cover slip were cleaned thoroughly 
with acetone and fibre free tissues. Approximately 100 j iL of cell suspension was removed 
from the Sterilin™ container and placed into the central chamber of the haemocytometer 
using a Pasteur pipette, and the cover glass centred over the central chamber. The solution 
passed under the cover slip, via capillary action, into the counting chambers (ruled grid 
area), as shown in Figure 2.2. I f the solution spread to the two lateral grooves adjoining the 
central area or air bubbles were observed, the haemacytometer was cleaned again and the 
application repeated. The haemacytometer was then placed on the stage of the Canon® CH 
inverted microscope and observed using 40-x magnification. 
The central square millimetre of the counting chamber was focused upon and the 
cells within 80 of the 400 small squares (five groups of sixteen small squares) were 
counted (Area 5). Cells touching the centre line bordering the lop and right hand side o f 
each group of sixteen squares were included in the count. Cells touching the centre line on 
the left hand side and lower border were disregarded. 
44 
Slrto Vlow •0=0-
Covorsl lp 
1 ^ ^ 0 . 1 mm dopth 
Top Vlow 
Rutod Grid Aroa 
1 mm 0*2 mm O-iS'mm 
Figure 2.2 Diagram showing grid layout for cell counting on the Improved Neubauer Hemacytometer 
2.3.2.1. Calculation of Cellular Abundance 
Cellular abundance was measured using to Equation 2, 
Cells L ' = ( N X 1/0.32) x 10* (2) 
Where, N = number of cells counted in eighty small squares. The area of each small square 
was (0.2)^ = 0.04 mm^ and the depth of each chamber was 0.1 mm. The volume of liquid 
over the small square surface was therefore 0.04 mm^ x 0.1 mm = 4 x 10'^  mm\ I f N cells 
were counted in 80 squares where the volume o f one square was equal to 4 x 10"^  mL, then 
80 X 4 X 10"^  mL = 0.32 mL, then 1 mL o f liquid will contain N x (1/0.32) cells mL' ' . This 
result was muhiplied by 10 ^ to calculate the number of cells per L. 
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2.4. Determination of DON 
Culture water samples were analysed over a complete growth cycle to ascertain 
changing concentrations o f DON. 
2.4.1, Measurement of TDN 
2.4.1.1. Apparatus 
Measurement of TDN was performed on a TOC-5000A total organic carbon 
(TOC) analyzer (Shimazdu Corporation, Kyoto, Japan) fitted with a 3 % Pt on alumina 
catalyst (Johnson Matthey Chemical Products, Reading, Berkshire, UK). This was 
interfaced to a Model 255 Nitrogen Chemiluminescence Detector (NCD) (Sievers 
Instruments, Inc, Colorado, USA) fitted with an ozone generator and an Edwards RV5 
Vacuum pump (Sievers Instruments, Inc,). Samples were delivered to the system via an 
A5I-5000A autosampler (Shimazdu Corporation). 
Data was acquired and processed with software supplied by the Shimazdu 
Corporation and Sievers Instrumentation. Inc., for the measurement o f TOC and TN 
respectively. Typical operating conditions for the 255 NCD are shown in Table 2.4. 
Parameter Typical Operating Conditions 
Model 255 NCD pressure 4 - 10 Ton-
Interface controller pressure n o - 2 5 0 Torr 
Burner temperature 800 **C 
Hydrogen flow rate 5 mL/ min 
Oxygen flow rate 10 mU min 
Background noise 0 .3 - 1.0 mV 
Table 2.4 Standard operating conditions for the NCD analyser. 
2.4.1.2. Reagents 
Eiga water was utilised during analysis. The Elga system automatically irradiated 
the distilled de-ionised water with UV light, removing any potential contamination from 
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residual organic compounds. Primar grade HCl was used to acidify samples prior to 
analysis. 
2.4.1.3. Standards 
The primary stock standard solution was made up from 2.5527 g o f potassium 
hydrogen phthalate and 1.87675 g o f glycine (AnalR grade BDH, VWR International Ltd) 
made up in 250 mL of Elga water and stored at 4° C. The primary stock standard solution 
contained 600 mM of Carbon (C) and 100 mM of Nitrogen (N). This was diluted down 
sequentially to give standards containing concentrations ranging from 12 f i M C: 2 p M N to 
480 | i M C: 80 | i M N . An example o f a standards calibration plot can be seen in Figure 2.3. 
Signal 
response 
(Arbitrary 
units) 
3.50E+03 n 
3.00E+03 
2.50E+03 
2.00E+03 
1.50E+03 -\ 
l.OOE+03 
5.00E+02 -\ 
O.OOE+00 
0.0 20.0 40.0 60.0 80.0 100.0 
f i M N 
Figure 2.3 An example of a typical calibration plot generated for TDN over th range 0 - 100 fim N, 
= 0.9989. 
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2.4.1.4. Shimazdu© Vial Preparation 
Acid washed 10 mL vials (Shimazdu© Corporation) were wrapped in aluminium 
foil and placed in a muffle ftimace for (5 h, 600** C). I f not used immediately they were 
sealed within a plastic bag for storage. 
2.4.1.5. Sample Collection and Analysis 
Batch analysis was undertaken, with 10 mL samples removed every few days over 
the period of one growth cycle, filtered using Minisart 0.2 ^m filters into a Sterilin™ 
containers and frozen until required for analysis. 6 mL thawed samples (originally stored at 
- 20" C) were placed in the prepared Shimazdu vials and 200 ^ L of HCl added to each o f 
the vials. Prior to analysis o f the standards and samples, 50 blank runs and washes were 
carried out, using Elga water. A calibration curve drawn from the resulting peak heights o f 
the standard concentrations was used to determine the concentration ofTN in the samples. 
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2.4.2. Determination of DIN Concentrations in Culture Water Samples 
SFA was carried out using a Skalar SAN*^"^ system. The chemical analysis was 
based upon the injection of a known quantity o f sample into a reagent stream separated by 
air bubbles. The injected sample formed a zone that was transported towards a detector that 
continuously recorded absorbance at a given wavelength. Each zone (segment) was an 
isolated micro-reaction. The Skalar SAN^'"^ system has multi-analyte capability, which 
allowed the analysis of NO3' + NO2" and NKi^ . 
2.4.2.1. Apparatus 
Sample analysis was carried out Skalar SAN^'"^ continuous flow analyser, which 
includes an SA 4000 chemistry unit and 4 modules. The two modules utilised in this study 
were the SA46I-353.2 ( N O 3 ' + NOz", TDN and NO2' measurements) and the SA 156-350.1 
(NH,^ measurements), which both held SA6275 (50 mm) flow cells. The detectors were 
SA6270/6255 matrix photometers. Automatic background correction was carried out by 
6250 matrix photometers fitted with filters o f wavelengths 620 nm (NOi + N02') and 1010 
nm ( N H 4 * ) . A robotic auto-sampler was incorporated in order to shorten the analysis time. 
Dedicated computer control and data reduction was carried out using a windows software 
package, San ++, "Flow Access". The settings of the recording interface for the analysis o f 
both concentration ranges for NOa" + NOi ' are shown in Table 2.5. 
Settings NOi' + NO2 NOV + N02' 
B 
Sensitivity of highest 
standard 
5 ppm - ±1000 Arbitrary 
Units 
50 ppb - ± 700 Arbitrary 
Units 
Settings recorder 500 mV 500 mV 
Tubing between sampler and 
sample pump 
5130 5141 
Stabilization time 20 min 10 min 
Table 2.5 Settings of the Skalar SAN^'" interface for NO3' + NO2 analysis. 
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2.4.2.2. Experimental Determination of NO3' + NO2 in Salinity 17.5, 2 - 5 0 ppb N 
(NOj' + NOz-) 
2.4.2.2.1. Reagents 
All solutions were prepared in MilliQ water and all reagents used are listed in Table 
2.6. 
Reagent Grade Supplier 
Ammonium chloride Certified Fisher Scientific Ltd 
Ammonia Solution (25%) BDH AnalR VWR International Ltd 
Brij 35% Skalar 
a - ohosDhoric acid BDH AnalR VWR International Ltd 
C c 
Sulphanilamide 
BDH AnalR VWR International Ltd 
a- naphthylethylenediamine 
dihydrochloride BDH AnalR 
VWR International Ltd 
MilliQ Millipore Corporation Ltd 
Sulphuric acid (97 %) BDH AnalR VWR International Ltd 
Sodium hydroxide pellets Certified grade Fisher Scientific Ltd 
Low nutrient seawater Sterile 
Ocean Scientific International, 
Hampshire, UK 
Sodium nitrate Sigma - Aldrich Company Ltd 
Sodium nitrite BDH AnalR VWR International Ltd 
Granular cadmium BDH AnalR VWR International Ltd 
Table 2.6 Reagents for determination of NOj" + NO2'. 
2.4.2.2.2. Buffer Solution 
50 g of ammonium chloride was dissolved in 800 mL of MilliQ. The pH was 
adjusted to 8.2 with ammonia solution. 5 g o f sodium hydroxide was then added and the 
solution made up to 1 L with MilliQ water. The buffer was de-gassed prior to addition of 3 
mL of Brij 35 (a nutrient free detergent). The buffer was stored at 4° C when not in use. 
2.4.2.2.3. Colour Reagent 
150 mL of o- phosphoric acid was diluted in 700 mL of MilliQ water. 10 g of 
su Iphanilamide and 0.5 g of a- naphthylethylenediamine dihydrochloride were then added. 
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The solution was made up to 1 L vnih MilliQ water. The colour reagent was stored in a 
dark bottle and could be kept for up to one month, at 4° C, when not in use. 
2.4.2.2.4. Rinsing Liquid Sampler 
Low nutrient seawater (LNS) diluted to 17.5 salinity with Elgar water (collected at 
18Q) was used as the rinsing liquid sampler. This could be stored indefinitely at 4° C. 
2.4.2.2.5. Standards 
The primary stock solution of 100 ppm N was made by dissolving 0.6068 g of 
sodium nitrate into 1 L o f LNS; this could be stored for up to six months at 4° C. 10 mL of 
the primary slock was dissolved into 100 mL o f LNS water to give the secondary slock 
solution of 10 ppm N; which could be kept for 1 week at 4° C. This second stock solution 
was diluted to prepare a range of working standards from 20 - 100 ppb N . These solutions 
were prepared as required. 
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2.4.2.3. Experimental determination of NOs' + N02~ in Salinity 17.5, 0.1 - 5 ppm N 
( N O 3 +N02T 
2.4.2.3.1. Apparatus 
Changes were made to the manifold in order to analyse the samples containing 
higher concentrations of NO3' + NO2" (0.1 - 5 ppm N). The flow cell was reduced from 50 
mm to 10 mm and specific inlet connectors and reagent lines were exchanged. Exact 
specifications are contained within the Skalar manual. 
2.4.2.3.2. Reagents 
The colour reagent and rinsing liquid sampler were identical to those in Sections 
2.4.2.2.3 and 2.4.2.2.4, respectively. The required buffer solution was identical to that in 
Section 2.4.2.2.2 but no longer contained sodium hydroxide. 
2.4.2.3.3. Standards 
The primary stock solution o f 1000 ppm N was prepared by dissolving 6.0681 g o f 
sodium nitrate into I L of LNS; which could be stored for up to six months at 4** C. 10 mL 
of this solution was diluted to 100 mL with LNS to give the second stock solution of 100 
ppm N ; which could be stored for 1 week at 4° C. This second stock solution was diluted 
to prepare working standards ranging from 0.5 - 5 ppm N (N03'+ NOz"). These solutions 
were prepared as required. 
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2.4,2.4. Experimental determination of N H / in SaUnity 17.5, 2 - 100 ppb N (NH4^ 
2.4.2.4.1. Apparatus 
The equipment used is listed in Section 2.7.2. The instrument settings during the 
analysis o f NHj"^ are shown in Table 2.7, 
Settings N H / 
p . • — 
Sensitivity of the highest standard 100 ppb N - ± 220 Arbitrary Units 
^ ^ — — 
Tubing between sampler and sample pump 5141 
Stabilization time 20 min 
Toble 2.7 Settings of the Skalar SAN'''" interface for N H / analysis. 
2.4.2.4.2. Reagents 
All solutions were prepared in MilliQ water. The reagents are listed in Table 2.8. 
Reasent Grade Supplier 
p — 
Potassium sodium tartrate BDH AnalR VWR International Ltd 
Sodium citrate BDH AnalR VWR International Ltd 
Sulphuric acid BDH AnalR VWR International Ltd 
Brii 35 (30 %) Skalar 
Phenol 99.9 % Sigma-Aldrich Company 
Ltd 
Sodium hydroxide pellets Certified Grade Fisher Scientific Ltd 
Sodium hypochlorite 
solution 
BDH AnalR VWR International Ltd 
MilliQ 18.2 Q Millipore Corporation 
Sodium nitroprusside BDH AnalR VWR International Ltd 
' •— 
Low Nutrient Seawater Sterile Ocean Scientific Ltd 
Table 2.8 Reagents for the determination of N H / . 
Buffer solution - 33 g o f potassium sodium tartrate and 24 g o f sodium citrate were 
dissolved in ca. 800 mL of MilliQ. The pH was adjusted to 5.0 with sulphuric acid 
solutioa The solution was made up to 1 L with MilliQ water before 0.5 mL of Brij 35 was 
added. 
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Phenol Solution - 83 g of phenol was dissolved in 50 mL of MilliQ water. 40 g o f sodium 
hydroxide pellets were added. The solution was made up to 1 L and the solution mixed 
weU. 
Sodium hypochlorite solution - 200 mL o f sodium hypochlorite solution was made up to 1 
L with MilliQ water. 
Sodium nitroprusside solution - 0.5 g o f sodium nitroprusside was dissolved into I L o f 
MilliQ water. 
Rinsing liquid sampler - Low nutrient seawater (LNS) diluted to 17.5 salinity was used as 
the rinsing liquid. This could be stored indefinitely at 4° C. 
Air scrubber solution - 139 mL of sulphuric acid was made up to 1 L with MilliQ water. 
2.4.2.4.3. Standards 
The primary stock solution of 100 ppm N (Nl-Lj^ was made by dissolving 0.3819 g 
of ammom'um chloride in 1 L of MiliiQ water, and could be stored for up to six months at 
4** C. 10 mL o f the primary stock was made up to 100 mL with MilliQ water, giving a 
secondary stock solution of 10 ppm N ( N H j ^ , which could be kept for one week at 4° C. 
The second stock solution was diluted to prepare working standards ranging fi-om 20-100 
ppb N (NRt^ . These working standards were prepared as required. 
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2.5. Results 
The results presented here were compiled to monitor the dynamics of the culture 
cycle. Triplicate samples were removed for every parameter monitored and the results 
subjected to statistical analysis. Data were plotted to within one standard error fi-om the 
mean value (as shown by the error bars on all plots). 
2.5.1. Average Cellular Abundance 
The cultures underwent six defined phases through the growth period (Monod, 
1949), as shown in Figure 2,4, A, and Table 2.9. Cell counts were low during the 
lag/induction phase (days 0-7). During this period, the algal cells were physiologically 
adapting their metabolism to growth by increasing the levels o f enzymes and metabolites 
involved in cell division and carbon/silica fixation (Monod, 1949). The acceleration phase 
lasted from days 7 - I I , when cellular preparation for growth was occurring. The 
exponential phase began on day 11, and lasted on average 5-6 days. 
Phase Growth Growth rate Dynamics 
1 Lag Zero Physiological adaptation of algae to changing 
conditions. 
2 Acceleration Increasing Trivial changes. 
3 Exponential Constant Population growth changes the environment of 
the cells. 
4 Retardation Decreasing Effect of the changing conditions becomes more 
evident. 
5 Stationary Zero One or more nutrients are exhausted down to the 
threshold level o f the cells. 
6 Decline Negative Cellular death occurs. 
Table 2.9 Description and interpretation of the different phases of batch culture growth curves, 
adapted from IMonod (1949). 
The retardation phase corresponded to decreasing cell division (when intracellular 
NOs" and NO2" concentrations started to limit the observed growth). This period spanned, 
from days 1 9 - 2 0 . The fifth stage, lasted, under 24 hours, and corresponded to the 
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equilibration between the limiting intracellular NOa" and NO2' concentrations, and cellular 
growth. The stationary phase began between days 22 - 23. This phase would last for 2 days 
before cell death became evident from the reduction in cellular abundance. 
2,5.2. Average pH 
The average pH increased steadily, concurrent with the rise in cell numbers (Figure 
2.4, B). Maximum pH was reached during different phases of the two culture-types. A 
maximum pH of 9.2 was measured in the axenic cultures during the decline phase. pH was 
determined via removal o f three triplicate samples and measured instantly using a bench 
top pH meter. 
2.5.3. N H / Concentrations 
The NH4^ concentration increased with cellular abundance (Figure 2.4, D). The 
maximum NH4^ concentrations were observed around days 22 and 23 o f the growth cycle. 
2.5.4. Dissolved NO2" + NO3* Concentrations 
The average concentrations of 1^ 02^ " + NOs"^  decreased exponentially over the 
growth period for the culture (Figure 2.4, C). On day 3 of the cultures 98 | i M N was 
measured in the axenic cultures. The cell numbers were inversely proportional to the 
uptake rate of NO2' + NO3"; concentrations fell below the detection limit during transition 
between the deceleration and the stationary phase. This coincided with the highest 
concentrations o f TsfRj* and the highest pH. 
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Figure 2.4. A ToUl cellul.r .bund.nce. B pH me.surements, C Aver.ge concentration of N H / . n d D Average concentration of NO3 + NO, all measured over one growth cycle 
of batcli cultured P.trkornulum grown under aienic conditions. 
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2.5.5. DON C oncentnitions 
The DON concentration was determined from Equation 2 (Page 4). DON was not 
measured until day 17 and its concentration rose to a maximum level of 24 fxM N , between 
days 19-23, corresponding to the transition phase between the exponential and stationary 
stages of the growth cycle (Figure 2.5). 
uM N 60 
10 15 20 25 
Day number of gnmth period 
TDIN - D O N ^ T D N 
Figure 2.5 The average concentrations of the different forms of N present in the aacnic cultures. DON 
was determined as the difference between the TDN and DIN concentrations. 
Maximum DON release occurred between days 19 and 23 of the cycle (hereafter ti9.23) 
coinciding with depletion o f NO3" NO2" and increasing NFU*, just before the observed 
maximum of cellular abundance. The drop in the concentration of the TDN below the 
concentration of DIN is inconsistent and was attributed to the catalyst having been changed 
within the HTCO instrument during the course o f the analysis. 
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2.6. Discussion 
The bulk chemical analysis of culture water samples was used to identify the period 
of maximum DON concentration during the growth cycle of P. tricomutum, a fast-
growing, ephemeral species that requires high nutrient inputs to sustain growth (Taylor, 
1995). The uptake of N compounds by P. tricornutum occurs via a series of metabolic 
processes, including membrane transport, reduction o f NO3' + NO2" and assimilation of 
NH4 .^ Nitrogen was supplied to the phytoplankton as sodium nitrate, while DON was 
added in trace amounts with the vitamins biotin, cyanocobalamin and thiamine 
hydrochloride. Cresswell and Syrett (1981) noted that P. tricornutum are NO3" 
accumulators and that their internal concentration can be many times higher than that o f 
the surrounding medium. Up to 25% of the NO3" can remain unassimilated in the cells until 
concentrations o f inorganic nutrients in the surrounding media are depleted. The 
assimilation of NO3' proceeds mainly via the glutamine synthetase - glutamate synthetase 
pathway (GS-GOGAT cycle: Syrett, 1981), after conversion to NH4^ within the cell 
(Wheeler, 1997). Many solutes are transported in and out o f the cell, whilst maintaining 
optimum nutrient concentrations. Substrate-specificity and uptake kinetics discriminate as 
to which transport system is utilised (Kerby et a/., 1989). 
The significant rise in pH occurred through the release of OH" ions during the 
assimilation of N03' by the P.tricornutum (Goldman and Brever, 1980; Raven, 1980). This 
contrasts with the assimilation of NH4*, which results in the excretion of H^, which cannot 
be neutralised internally, and causes a decrease in pH (Raven, 1980). The NH4^ 
concentration was initially low in both cultures (2 +/- 0.3 nM N ; where 1 mol N = 1 mol 
NH4" ,^ and then increased to reach a maximum during the stationary phase (4.2 i^M N in 
the axenic cultures). The presence of NH4* suggested that the phytoplankton cells 
produced de-aminated urea as a metabolic waste product and bacteria were not present 
(Price and Harrison, 1988). The low NH4* concentration did not effect N03" uptake by the 
phytoplankton. N H 4 * inhibits uptake o f N O 3 " in both the laboratory and field populations. 
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(McCarthy and Eppley, 1972; Cresswell and Syrett, 1981), and is often preferentiaDy 
assimilated by algal cells (Syrett, 1981; Kerby et ai, 1989). 
As the NO3' was exhausted the culture cells were still dividing, utilising 
unassimilated N that had accumulated in the cells during the exponential growth period. 
This period o f stress was entered at the end o f the deceleration period o f algal growth, prior 
to the onset o f the stationary phase, and coincided with highest measured DON 
concentrations. The phenomena is well documented for both field and culture studies 
(Sharp, 1977; Tada et ai, 1998; Biddanda and Benner, 1997; Ward and Bronk, 2001). At 
this point DON had reached a high concentration within the culture medium, the rates o f 
synthesis/release were greater than that o f the degradation. Equilibrium therefore favoured 
net accumulation (Carlson, 2002; Powell et aL, 2005). P.tricornutum are a species that 
dominate an environment with high nutrient conditions and only release DON at detectable 
concentrations towards the end o f their growth phase. Some dis^reement exists between 
researchers regarding DON release into surrounding waters. Sharp (1977) stated that the 
passive/active release o f DON from healthy phytoplankton cells was unlikely during 
normal growth. This has been upheld in the current literature. Ward and Bronk (2001) and 
Berman and Bronk (2003) reported that actively growing algae do release DON at 
detectable concentrations. Tada et a(, (1998) reported that this concentration would be very 
low. More than one species of alga were investigated in these studies. No mention of 
bacterial presence, mechanical breakage, viral lysis was made to account for this. The 
species of algae and the growth substrate should dictate at which point DON is detected in 
batch culturing (e,g, P. tricornutum) only release DON at the end o f the exponential phase 
and do not assimilate DON, whereas others (e.g. Thallasiosira tumida) exude DON during 
the exponential phase and consume DON during the stationary phase (Lara et aL, 1997). In 
addition, viral lysis (Fuhrman, 1999) and bacterial/algal autolysis (Agusti et aL, 1998) or 
mechanical cell breakage (Goldman and Dennett, 1985) can occur during sample handling 
releasing DON into surrounding waters. Bacteria are known to produce the aminopeptidase 
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(AMPase) enzyme required to break down DON in the presence o f polymeric ON 
substrates. This process is inhibited in the presence of DIN (Chrost, 1991; Stepanauskas et 
al., 1999). Bacteria are the major contributors to extracellular hydrolytic activity in the 
marine environment (Berg et al, 2002). 
Using the measured DON concentration and the known amount o f DIN initially 
added to the media, 71 ^ M N +/- 0.2 N o f N was unaccounted for in the axenic 
cultures, respectively. This could have been present as particulate N , cellular material and 
intracellular pools. As a percentage o f the total N initially added, 24.5% was accounted for 
as DON within the axenic cultures. The value was at the low end o f production, i f the 
proposed average o f 25 - 41 % of the DIN taken up by phytoplankton is released as DON 
in ocean, coastal and estuarine environments is accurate (Bronk and Glibert, 1994). The 
phytoplankton would have used a great amount o f energy to incorporate the N - originating 
from the N O 3 " into macromolecules and Carlson (2002) postulated that this could result in 
a large transient pool of LMW DON during NOs" versus NHj^ uptake. 
The complete removal o f intact organisms and particulate matter was vital for 
accurate quantification of the bulk chemical measurements, and for evaluation of the SPE 
protocol. P.tricornutum are not susceptible to mechanical cell breakage during handling 
(Goldman and Dennett, 1985) but were treated as though they were (e.g. gravity filtration 
rather than vacuum filtration). The pore sizes of the chosen filters reflected the standard 
definition of DOM as the supernatant collected from passing samples through a GF/F or 
0.2 ^m filter (Hedges, 2002), and would allow the complete removal o f cells present in the 
cultured waters. P.tricornutum are large diatoms (nano- to micro- plankton) and range in 
size from 2-200 ^im (Williams, 2000; Montagnes and Franklin, 1992). Filtration was 
performed under gravity to reduce the risk of mechanical breakage that could bias the 
results obtained by releasing intracellular proteins. 
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2.6.1. Conclusion 
DON was released in significant quantities when the cells of the phytoplankton 
P.tricornutum entered a period of cellular stress brought about by NOa" exhaustion in the 
culture waters. This corresponded to days 19 to 23 (ti9.23) during the growth cycle. It was 
decided, therefore, that sampling would take place during this period. 25% of N added to 
the cultures was measured as DON in the axenic cultures. 
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2.7. L C / E S I / M S 
2.7.1. Apparatus 
The LC/MS used throughout the study was a Finnigan Mat LCQ™ 
(ThermoFinnigan San Jose, CA, USA) bench top mass spectrometer fitted with an 
electrospray interface. Data were acquired and processed with Xcalibur 1.0 service pack 1 
software in the scan range m/z 50 - 2000. Instrument tuning and mass calibration was 
carried out and checked using the automatic calibration procedure and standard calibration 
solutions caffeine (Sigma, St. Louis, MO, USA), MRFA (Finnigan Mat, San Jose, CA, 
USA) and Ultramark 1621 (Lancaster Synthesis Inc., Widham, NH, USA) in MeOH: 
water: acetic acid (50:50:1, v/v/v). The instrument was run under high flow conditions for 
HPLC and low flow conditions for infusion studies. The conditions employed are shown in 
Table 2.10. All spectral data were recorded. 
ESI/MS High Flow ( H P L C studies) Low Flow (Infusion 
studies) 
Source Voltage ± 4.5 kV ± 4.5 kV 
Capillary Voltage ± 0 - 50 V (auto-tune) ± 0 - 50 V (Auto-tune) 
Capillary Temperature 220 ^ 'C 200 **C 
Nitrogen Sheath Gas Flow 
Rate 
60 (Arbitrary Units) 40 (Arbitrary Units) 
Auxiliary Gas Flow Rate 20 (Arbitrary Units) 0 (Arbitrary Units) 
Table 2.10 ESI/MS conditions for H P L C and Infusion Studies. 
2.7.2. Infusion Studies 
Infusions of peptide standards A - F were carried out using a built in syringe pump 
with a Hamilton 1725 (250 pL) syringe (Reno, CA, USA). Positive MS" analysis of 
selected ions was performed in the ion trap by CID with He damping gas. MS" isolation 
widths, relative activation amplitudes and activation Qs (input o f energy to the ion trap, 
defined as a percentage) were optimised to obtain high response and stability of the base 
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peak fragment ion. High resolution ZoomScanTw (ZS) was recorded for all ions of interest. 
All spectra data were recorded and averaged over a one-minute acquisition time. 
2.8. H P L C 
HPLC was carried out using a binary pump (P580A, Dionex-Softron GmbH, 
Germering, Germany). Eluent flowed fi-om the HPLC system via a built in syringe pump, a 
250 ^iL syringe (Hamilton 1725N, Reno, CA, USA) and a PEEK Tee union (Upchurch 
Scientifc Ltd, Oak Harbor, WA, USA). The four columns used during analysis and method 
development are listed in Table 2.12. Sample injections were suction loaded into a PEEK 
sample loop via a manual injector (9125, Rheodyne, CA, USA). The columns and phases 
investigated on the HPLC system are shown in Table 2.12. 
Hypersil® 
Porous 
Graphitic 
Carbon 
(Runcorn, 
UK) 
Waters(§) Atlantis 
dC18 (Herts, 
UK) 
Hamilton PRP-
1 (Aston, PA, 
USA) 
Phenomenex® 
Gemini C18 
llOA 
(Cheshire, UK) 
Dimensions 
(mm) 
2.1 X 100 4.6 X 50 2.1 X 100 2.1 X 100 
Pore Size ((im) 5 5 5 5 
Sample Loop 
(HL) 
5 100 5 5 
Flow Rate ( j iL 
min'') 
150 750 (used with 
flow splitter) 
200 200 
Table 2.11 Table of reverse phases investigated during the method development. 
During the method development phase many different solvents and modifying agents were 
investigated. These are listed in Table 2.13. 
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Solvent/ Modifier Grade Manufacturer 
MilliQ Millipore Corporation Ltd 
(Mass, USA) 
Water HPLC Gradient Grade 
99.8%+ Fisher Scientific Ltd 
Water GChromasolv® plus for 
HPLC > 99.9 % Sigma-AIdrich Company Ltd 
Water (0.1 % v/v FA) LC/MS Chromasolv® > 
99.5 % 
Riedel de Haen (Sigma 
Aldrich Company Ltd) 
MeOH HPLC Gradient Grade 
99.8%+ Fisher Scientific Ltd 
MeOH LC/MS Chromasolv® > 
99.9 % Riedel de Haen 
MeOH (0.1 %v /v FA) LC/MS Chromasolv® > 
99.95 % (GC) Riedel de Haen 
ACN HPLC Gradient Grade 
99.8%+ Fisher Scientific Ltd 
ACN LC/MS Chromasolv® > 
99.9 % Riedel de Haen 
ACN LC/MS Fisher Scientific Ltd 
Propanol (I PA) LC/MS Chromasolv® > 
99.9 % RJedel de Haen 
FA AnalR® 98-100% BDH (VWR International Ltd) 
NFPA > 98 % Apollo Scientific Ltd 
(Stockport, Cheshire, UK) 
TFA Reagent PIUS^M, < 990/^ Sigma- Aldrich Company Ltd 
Table 2.12 Solvents and modifying agents used during H P L C / M S method development 
2.9, SPE 
2.9.1. Apparatus 
SPE was performed using an Isolute® VacMaster®-10 manifold (Argonaut 
Technologies Ltd, Mid-Glamorgan, UK) coupled to a 10 L reservoir, which in turn was 
connected to a vacuum pump. SPE studies were carried out with the peptide standards and 
sample supernatant using cartridges containing polystyrene divinylbenzene sorbent (PS-
DVB). Tlte Phenomenex® Strata™ - X cartridges investigated had a mass bed load o f 500 
mg, a reservoir capacity of 3 mL. 
Conditions, pressure and flow rate were set according to manufacturers 
specifications (flow rate of 5ml min"', wash and equilibration steps, using MeOH and 
water; detailed in Chapter 4). 6 mL Connectors and reservoirs were purchased fi'om 
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Supeico (Sigma-Aldrich Company Ltd), Teflon™ tubing (i.d I mm, o.d 1.7 mm) from 
VWR international Ltd and Duran flasks from Fisher Scientific Ltd. 
2.9.2. Reagents 
The reagents utilised for SPE were identical to those listed under the HPLC sub-
heading (Table 2.12). 
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C H A P T E R 3 
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3.1. Introduction 
The initial part of this study involved developing a method for the 
separation of underivatised LMW peptides by RPLC/ESI/MS. The separation con[iponent 
was important, as MS" would be required to carry out CID on the eluting compounds from 
algal culture samples for identification purposes. I f the compounds were not resolved then 
a loss of data would result, as only the dominant base peak ion o f co-eluting compounds 
would undergo preferential fragmentation. 
The separation of a mixed peptide solution was investigated on 3 reverse phases 
(polygraphitic carbon (PGC), a classic Cis and a hybrid technology Cig) using methanol 
(MeOH) and acetonitrile (ACN), and the volatile buffers/modifiers FA, TFA and NFPA 
(Section 2.9, Tables 2.12 & 2.13). After each experiment on the chosen reverse phase, the 
solvent, volatile acid inclusion or gradient was modified to improve the result. The PGC 
column was the first column to be assessed. This phase was chosen because the 20 
proteinic amino acids had been successfiilly separated by Petritis et al. (2000). The 
peptides of interest to this study fell within the LMW category (on average 2-14 amino 
acid residues within the sequence) and would therefore closer in molecular weight to 
individual amino acids than larger protein assemblages analysed upon more traditional 
phases, such as Cig, Cs and PS-DVB. Cig columns were investigated when the PGC 
column proved to retain the peptide standards too strongly. Most mixtures of small polar 
organic molecules have been resolved on classical Cig phases through gradient 
manipulation; therefore the study was progressed through their investigation. 
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3.2. L C Separation Method Development 
3.2.1. Instrumentation 
Details of the HPLC pump and the LCQ ionisation and detection system conditions 
used throughout the study can be found in Chapter 2 (Sections 2.7 and 2.8). Any variations 
made are noted in this chapter. 
3.2.2. Reagents 
The solvents, volatile buffers and organic modifiers used throughout the study are 
listed in Chapter 2 (Sections 2.8, Table 2.13). 
3.2.3. Synthetic Peptide Standards 
The peptide standards were selected because due to their size and that they were 
mammalian. It was therefore unlikely that they would be reproduced by the algal cells. 
Their molecular weights ranged from 188 - 2000 Da. Peptide standard A (hereafter peptide 
A) was an acidic compound, peptide standards B and C (hereafter peptides B and C) were 
basic compounds, peptide standard D (hereafter peptide D) was an oxidised form o f 
peptide A and peptide standards E and F (hereafter peptide E and peptide F) were two 
neutral di-peptides. Three mixed standard solutions were investigated throughout the LC 
method development (Table 3.1). The mixed standard solutions (hereafter referred to as 
MPS 1, 2 or 3) were all dissolved in 10:90 MeOH: water. The presence of volatile acids in 
the MPS solutions is noted within the text. The synthetic peptide standards used during the 
study are listed in Table 3.2. Al l standards were purchased from Sigma-AJdrich Company 
Ltd and were > 98 % pure. 
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Mixed peptide 
solution 
Peptide Standard 
A (mg mL' ) B (mg mL ') C (mg mL ') 
MPSl 0.02 0.02 0.02 
N4PS2 0.10 0.02 0.10 
N4PS3 0.01 0.01 0.01 
Table 3.1 Composition of the mixed peptide standard solutions used throughout the method 
development studies. The column conditions are given in Section 2.8 Table 2.12. 
Peptide Name Amino acid combination Monoisotopic mass 
A GSH (reduced 
glutathione) 
GLU-CYS-GLY 307.1 
B H-ALA-PRO-ARG-LEU-ARG-
PHE-TYR-SER-OH 
1090.1 
C C3d P16 H-LYS-ASN-ARG-TRP-GLU-ASP-
PRO-GLY-LYS-GLN-LEU-TYR-
ASN-VAL-GLU-ALA-OH 
1946.9 
D GSSG 
(oxidised 
glutathione) 
GLU-CYS-GLY x 2 
(disulphide bridge between Cys) 
612.2 
E D L - L E U - G L Y 188.2 
F GLY - DL - LEU 188.2 
Table 3.2 The synthetic peptides used throughout the study. See Chapter 5, Table 5.2 Tor amino acid 
residue definitions. 
3.2.4. Data Interpretation from this Study 
Results were obtained via the generation of extracted ion chromatograms (EIC). 
Extracted m/z values' corresponding to the protonated adducts o f individual peptide 
standards. Where the peptide was multiply charged, the m/z values corresponded to all 
charge states were summed to create one EIC. The summed extracted ion counts 
correspond to the m/z values of the singly- ( [ M + H ] ^ , doubly- ([M+2H]^*) and triply-
charged [M+3H]^^ peptide standard adducts (Table 3.3). 
Peptides MW m/z -(M+2HI m/z - |M+3H| ^ 
A 307.1 308.1 n.d. n.d. 
B 1008.8 lOlO.I 505.4 337.3 
C 1946.3 1947.5 974.5 649.9 
Table 3.3 Positively charged adducts observed for each peptide standard (n.d. = not detected). 
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3.2.5. Infusioo and Flow Injection of Peptides 
Infiision studies were carried out on an LCQ mass spectrometer to establish the 
compatibility of the chosen peptides with positive mode ESI (See Chapter 2, Section 2.7). 
Standards were individually introduced at a concentration o f 0.01 mg mL"' directly into the 
ES manifold. The results fi-om these experiments are presented for peptides B, E and F in 
Chapter 5, Section 5.3, as an example of how the generated spectra could be interpreted 
fi-om the MS" analysis of actual samples. 
3.2.6. Performance of the PGC column 
The initial experiments were performed in order to establish two important factors: 
I) The minimum volume of organic solvent (mL) required to elute the peptides from the 
PGC stationary phase. 2) A suitable isocratic mobile phase to promote interaction with the 
stationary phase for a retention time (R|) exceeding to (the time taken for a molecule o f the 
mobile phase to pass through the column under identical conditions). 
Peptide A was closest in size to the amino acids originally examined using the PGC 
column and NFPA, using the method of Petritis el al. (2000). It was the least expensive of 
the standards and was used throughout the method development phase o f the project. 
Peptide A was observed in both its oxidised and reduced form. Peptide A was 
purchased in the reduced form (M, 307.3). Upon infusion, m/z values of 308.1 ( [ M + H ] ^ 
and 615.4 ( [2M+H]^ were observed in the respective spectra. Oxidised peptide A was 
observed in a number of the spectra generated using the IPR. The observed m/z values for 
the oxidised form were 307.2 ([M+2H]^^ and 613.7 ([M+H]"*). The oxidised form had lost 
two protons to form a di-sulphide bridge between two cysteinyl groups. 
Peptide A (5 \iL) was introduced onto the PGC column by flow injection, at a 
concentration of 0.01 mg mL'' . The mobile phases investigated are listed in Table 3.4. The 
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eluent flow rate was 0.15 mL min"'. The volatile modifiers within the aqueous phase 
reflected those used in the organic solvent. 
Experiment 
DO. 
Organic 
Solvent 
Volatile 
bufler in 
eluent 
Peptide 
analysed 
1 Methanol 0.1% v/v 
NFPA 
A 
2 Methanol 0.1% v/v 
FA 
A 
3 Acetonitrile 0.1% v/v 
NFPA 
A 
4 Acetonitrile 0.1% v/v 
NFPA 
B 
Table 3.4 Solvents and bufTers investigated during the isocratic 
analyses performed during experiments I to 4 on the P G C column. 
3.2.6.1. Experiment 1 - The Detection of Peptide A (Reduced Form) using a 
PGC Column with MeOH (0.1 % v/v NFPA) and Water (O.I % v/v NFFA) 
Methodology 
Isocratic analysis of peptide A on the PGC column was carried out with MeOH 
(0.1% v/v NFPA). The concentration of MeOH was sequentially decreased with additions 
of 25 % v/v water (0.1 % v/v NFPA), The final amdysis was performed with a solvent ratio 
of 50:50 MeOH (0.1 % v/v NFPA): water (0.1% v/v NFPA). 
Results 
The reduced form of peptide A (ARED) eluted within the solvent fi'ont (R, = 0.82 
mins; Figure 3.1, A ) . Both the singly protonated ( [ARED+H] ^\ m/z 308.1), and the 
dimerised protonated ([2ARED+H]^; m/z 615.4) adducts of ARED were present, in the 
spectrum corresponding to the Ri o f the peak (Figure 3.1, B). 
Changing the water content to 25% increased the to 2.35 mins and caused 
deterioration of the peak shape (Figure 3.1, C). Within the corresponding spectrum (Figure 
3.1, D), the singly protonated adduct ion o f the oxidised form o f peptide A (AQX) was the 
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dominant ion ([Aox+H]^, m/z 613.3). The doubly charged adduct of Aox ([Aox+H] m/z 
307.3), was also observed (Figure 3.1, D). 
When the water content o f the isocratic elution solvent was increased to 50%, the 
EIC contained an elution hump that spanned a period of approximately 3 mins, (Figure 3.1 
E). In this case the singly protonated adduct Aox ([Aox+H] ^, m/z 613.3) was the only ion 
corresponding to peptide A observed in the spectrum (Figure 3.1 F). 
Discussion 
The MeOH and water mobile phase composition was unsuitable for the analysis of 
peptide A. Increasingly poor chromatography and the formation o f Aox were observed 
when the aqueous content of the mobile phase was increased. 
Experiment 2 was designed to elucidate whether the observed poor chromatography 
was caused by the NFPA and i f it should be exchanged for an alternative volatile buffer, or 
whether MeOH should be replaced with a solvent o f higher eluotropic strength such as 
ACN. 
NFPA was replaced with FA to investigate: 1) Whether the NFPA was responsible 
for the poor chromatography, and 2) Whether NFPA, in the presence o f water, was 
responsible for the oxidation of peptide A. 
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Figure 3.1 Positive ion ESI E I C s and mass spectra associated with the detection of 0.01 mg mL * of 
peptide A from a P G C column under isocratic conditions at a flow rate of 0.15 mL min ' with 
decreasing volumes of MeOH. A/B, 100% MeOH; C/D , 75:25 MeOH: Water and E / F , 50:50 MeOH: 
water. MeOH and water were both modified with NFPA (0.1 % v/v). 
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3.2.6.2. Experiment 2 - The Resolution of Peptide Standards on a P G C Column 
using MeOH (0,1 % v/v FA) and Water (0.1 % v/v FA) as the Mobile Phase 
Methodology 
The first isocratic analysis was performed using MeOH (0.1% v/v FA). The ratio of 
organic solvent to aqueous solution was sequentially adjusted, with incremental additions 
of 20% v/v water (0.1% v/v FA). The final analysis was performed using a solvent ratio of 
40:60 MeOH: water. 
Results 
The EIC o f peptide A eluted with MeOH and with 80:20 MeOH: water were 
identical, only the EIC o f peptide A with MeOH is presented. The ElCs of peptide A eluted 
with MeOH and 80:20 MeOH: water, contained good chromatographic peaks, and 
identical R,s o f 2.43 mins (Figure 3.2, A ) . Singly protonated and dimerised protonated, 
adducts o f ARKD were present in the mass spectrum (Figure 3.2, B). 
Increasing the water content to 40% increased the R, to 2.79 mins. Peak broadening 
was also observed, with the elution period of the peak spanning 0.5 min, (Figure 3.2, C). 
The singly protonated and the dimerised protonated adducts o f peptide AREO were both 
evident in the corresponding mass spectrum (Figure 3.2, D). When the concentration o f 
water (0.1% v/v FA) was increased to 60%, the R| o f peptide A increased to 3.95 mins, and 
the peak broadened fiirther, eluting over 0.75 mins (Figure 3.2, E). Peak shape had also 
deteriorated. The protonated and dimerised protonated adducts o f peptide A were noted in 
the corresponding mass spectrum (Figure 3.2, F). 
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Figure 3.2 Positive ion ESI E I C s and mass spectra of the detection or 0.01 mg inL'* of peptide A from a 
P G C column under isocratic conditions at a flow rate of 0.15 m L min'' with decreasing volumes of, 
MeOH. A/B, 100% MeOH; C/D, 60:40 MeOH: water and E / F , 40:60 MeOH: water. MeOH and water 
were both modifled with FA (0.1 % v/v). 
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Discussion 
Experiment 2 confirmed that the formation of peptide Aox in Experiment 1 was due 
to the presence of both the NFPA and the increasing concentrations of water. The poor 
peak shapes were due to the water content of the mobile phase, consistent with Experiment 
1 results. 
MeOH was then exchanged for ACN, which has higher eluotropic strength-
Experiment 2 was repeated using NFPA as the volatile buffer since smaller concentrations 
of ACN could remove peptide A from the PGC stationary phase, more efficiently than 
MeOH irrespective of the water content. The exchange o f MeOH for ACN was a 
compromise at the point o f ionisation, as ACN does not electrospray as efficiently as 
MeOH. 
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3.2.63. Experiment 3 - Analysis of Peptide A on a P G C column using Solvent 
Combinations of ACN (0.1% v/v NFPA) and Water (0.1% v/v NFPA) 
Methodology 
Peptide A was analysed isocratically on a PGC column, with an initial mobile 
phase composition of 40:60 ACN (0.1 % v/v NFPA): water (0.1% v/v NFPA). The eluent 
ratio was subsequently changed to 25:75 and 5:95. 
Results 
Peptide A eluted as an asymmetric peak (R| 0.96 mins) with an isocratic ratio of 
40:60 ACN: water (Figure 3.3, A ) . The mass spectrum contained the singly-charged 
protonated adduct as the dominant ion, while the singly protonated adduct of peptide A q x 
was also present (Figure 3.3, B). 
When the aqueous content of the mobile phase was increased to 75 the R| increased 
to 2.00 mins and a sharp symmetrical peak was observed (Figure 3.3, C). The mass 
spectrum contained the protonated adduct o f peptide A as the dominant ion and the 
oxidised form had also been promoted (Figure 3.3, D). 
Peptide A was retained on the PGC column when the water content o f the mobile 
phase was increased to 95%. The EIC shows only associated background noise, (Figure 
3.3, E) and the mass spectrum did not contain any adduct (Figure 3.3, F). 
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Figure 3 3 Positive ion CSl E I C s and mass spectra of the detection of 0.01 mg mL * of peptide A from a 
P G C colamn, under isocratic conditions at a flow rate of 0.15 m L min'* with decreasing volumes of, 
ACN. A/B, 40:60 ACN: water; C/D, 25:75 ACN: water and E / F , 5:95 ACN: water. A C N and water 
were both modified with NFPA (0.1 % v/v). 
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Discussion 
Peptide A demonstrated better resolution with ACN (0.1 % v/v NFPA) present in 
the mobile phase. The use of ACN vAth its greater eluotropic and ionic strength, in place 
of MeOH, seemed to be more appropriate for the gradient elution protocol as shorter run 
times and hold periods often result. The presence of both the oxidised and reduced forms 
of peptide A suggested that the mechanism o f reduction was principally due to the 
presence of the NFPA. The next step was to examine one o f the larger peptides using this 
protocol. Peptide B was chosen, as its molecular weight was around the mid-point o f the 
mass range of interest (0 < Mr < 1,500 Da). 
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3.2.6.4. Experiment 4 - The Elution of Peptide B from a P G C column using 
Gradient Elution with ACN (0.1 % v/v NFPA) and Water (0.1 % v/v NFPA) 
Methodology 
In Experiment 4, peptide A was exchanged for peptide B (0.01 mg mL"' solution) 
and examined isocratically with a mobile phase o f ACN (0.1 % v/v NFPA). 
Results 
Peptide B interacted strongly with the PGC stationary phase. A continuous and 
increasing signal was observed in the EIC associated with its multiply charged adducts. 
The m/z values were 1010.1, 505.4 and 337.3, [M+H]^, [M+2H]^'^ and [M+3H]^^ 
respectively (Figure 3.4). Peptide B was expected to elule at to under the conditions 
employed. The use of pure ACN as the mobile phase was not expected to promote 
interaction with the stationary phase. 
100 
f 60 
| 5 0 
30 
20 
10 
ACN {0.1'Vo v/v NFPA) 
10 12 14 16 18 20 
Tone (mm) 
100-
0 
5Q5_g(Hfl+2H]2* 
-
B 
: l••U|;JJ(i^^ij;f^>,A>,^»^-l.|A^>^lliy 
[HB+H] -
300 SCO 600 700 
m/z 
900 1000 
Figure 3.4 Positive ion ESI E I C and mass spectrum, for the detection of 0.01 mg mL~' peptide B {m/z 
337J -(- 505.4 + 1009.4), from a P G C column under isocratic conditions, at a flow rate of 0.15 mL min'\ 
using ACN modified with NFPA (0.1 % v/v). 
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Discussion 
Peptide B did not elute before 24 minutes, when an increasing signal was observed 
in the EIC. Elution o f a peak demonstrating good chromatography was unlikely to occur 
without an organic solvent of a higher ionic/eluotropic strength, such as IPA. However this 
could cause more problems, by causing smaller molecules to co-elute at or very close to to, 
leading to a very narrow elution window for various analytes, and by reducing the 
efficiency of the ES. MeOH is the most compatible organic solvent with an ESI source, 
followed by ACN and then IPA (10 - 15 %) in MeOH or ACN. To overcome this it was 
better to have the smaller molecules interacting v^th the stationary phase for a time 
exceeding to and to use an organic solvent with a lower eluotropic strength (e.g. MeOH and 
ACN), that demonstrated greater compatibility with the electrospray (Ardrey, 2003). 
Slowing the gradient down was an option i f it was felt that the use o f an organic solvent 
with a higher ionic strength than ACN was necessary. However, this would lead to an 
increased run time and peak smearing, which was undesirable for CID during MS" (Cole, 
1997). 
The PGC column was exchanged for one with an C|8 phase. Traditionally, a Ci8 
phase would have been the obvious choice for a study of this type. However, very few 
methods for the separation of small peptides and simino acids using silica phases are 
compatible with ESI/MS, due to the use of non-volatile buffers, mineral acids and the 
derivatisation steps involved (Chaimbault et ai, 2000, Petritis et a/., 1999; Adoubel et aL, 
2000). Furthermore, until recently C|8 columns have not been able to withstand the extreme 
pH caused by IPRs (Waters® and Agilent Ltd., technical notes). Waters Corporation Ltd. 
were consulted on the use o f their Atlantis™ column range. No problems were predicted 
with the use of the NFPA or TFA. TFA was the recommended volatile bufiFer for the 
analysis of peptides this column. 
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3.2.7. Separation and Detection of Peptides A, B and C on a Cis Column 
This study was performed using a Waters® Atlantis™ dCis column. The chosen 
phase was di-functionally bonded and end capped (to yield good peak shape for amino 
compounds). It was compatible with most aqueous conditions (up to 95% water) and could 
withstand a pH as low as 3. 
The Ci8 phase was investigated in conjunction with TFA and NFPA. The mobile 
phase solvents were ACN and water, both free from and containing TFA and NFPA. The 
mixed standard solutions (Table 3.1) were analysed with and without TFA and NFPA. The 
gradients employed during the investigation are shown in Table 3.5. These gradients were 
calculated in previous experiments (results not shown). 
Gradient 1 Time (mins) % Aqueous phase % Organic Solvent 
gradient 
0 85 15 
15 80 20 
25 50 50 
holding time 26 0 100 
36 0 100 
column re-
equilibration time 
37 85 15 
50 85 15 
Gradient 2 Time (mins) % Aqueous phase % Organic Solvent 
gradient 0 90 10 
holding time 25 0 100 
35 0 100 
column re-
equilibration time 
36 90 10 
45 90 10 
Table 3.5 Gradient, holding and re-equilibration times used during method development on the 
Waters® Atlantis dCig column. 
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3.2.7.1. Experiment 5 - Separation of Peptides on a Waters® Atlantis dCis Column 
Methodology 
MPSl (0.02 mg mL"') was analysed on a Waters® Atlantis dCig column using 
Gradient 1. Water and ACN, containing no IPRs, were used as the aqueous and organic 
mobile phase solvents. 
Results 
The resulting EIC showed peptides A and C were continually eluted from the dCi8 
column. No peaks were defined for either o f these compounds but increasing and 
decreasing signals were observed at to and at 18.77 mins. Peptide B eluted as a sharp 
well-defined peak at 2.13 mins, with a further small, broad peak at 18.67 minutes (Figure 
3.5). 
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Figure 3. 5 Positive ion ESI E I C s of the gradient elution of M P S l , using a Waters® Atlantis dCI8 
column and a mobile phase flow rate of 0.2 mL min '. Water and A C N were used as the eluting 
solvents. Gradient 1 was used for the analysis 
Discussion 
Satis&ctory resolution of the three peptides was not achieved on the dC|g column under 
these conditions. The use o f TFA and NFPA as the IPR was then assessed. 
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3.2.7.2. Experiment 6 - Separation of Peptides on a Ci8 Column using NFPA 
Methodology 
The protocols listed in Table 3.6 were employed in three experiments, where; 
• NFPA was present only in MPS 1 
• NFPA was present only in the mobile phase 
• NFPA was present in both the mobile phase and MPSl 
Protocol Aqueous mobile 
phase 
Organic mobile 
phase 
Mixed peptide 
standards solution 
1 Water MeOH 
MPSl (0.1% v/v 
NFPA) 
2 
Water (0.1% v/v 
NFPA) 
MeOH (0.1% v/v 
NFPA) 
MPSl 
3 
Water (0.1% v/v 
NFPA) 
MeOH (0.1% v/v 
NFPA) 
MPSl (0.1% v/v 
NFPA) 
Table 3.6 Composition of the eluting solvents and standard solutions used to investigate peptide 
separation on a dCjg column. 
Resul/s 
When NFPA was present only in MPSl the EICs showed co-eluting peaks for ail 3 
peptide standards with a R( between 6.34 and 6,46 mins (Figure 3.6). The low signal to 
noise ratio in the EIC of peptide A suggested that ion suppression was occurring. The EIC 
for peptide B contained a symmetrical peak at 2.13 mins and a tailing elution hump at 
18.59 mins. The EIC for peptide C demonstrated good chromatography, containing one 
Gaussian peak at 6.34 mins. 
Where the solvent system was modified with NFPA defined peaks were observed 
in the EICs (Figure 3.7). The EIC for peptide A showed a fluctuating signal that reached a 
maximum at 18.94 mins. The rate o f increase in the organic content of the mobile phase 
was not adequate to completely remove peptides B and C. 
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Figure 3.6 Positive ion ESI E I C s of MPSI (0.1% v/v NFPA), investigated using a Waters® Atlantis 
dC,8 column and a mobile phase How rate of 0.2 mL min *. The eluting solvents were water and ACN. 
Gradient I was used during analysis. 
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Figure 3.7 Positive ion ESI E I C s of MPSI , investigated using a Waters® Atlantis dC,8 column, and a 
mobile phase now rate of 0.2 mL min *. The mobile phase solvents were water (0.1 % v/v NFPA) and 
ACN (0.1 % v/v NFPA). Gradient I was used during analysis. 
For the final experiment, only the EIC for peptide B contained a weU-defined Cjaussian 
peak (19.81 mins; Figure 3.8). EICs o f peptides A and C showed surges in signal intensity. 
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Figure 3.8 Positive ion ESI E I C s of MPSl (0.1 % v/v NFPA) using a Waters® Atlantis dC,8 column, 
and a mobile phase flow rate of 0.2 mL min''. The mobile phase solvents were water (0.1 % v/v NFPA) 
and ACN (0.1 % v/v NFPA). Gradient I was used during the analysis 
Discussion 
When NFPA was added to the standards and mobile phase solvents only partial 
separation of MPSl components on the Cis column was achieved. No combination 
investigated was suitable for the analysis o f peptide A, only the analyses of peptides B and 
C. Both peptides demonstrated satisfactory resolution under different chromatographic 
conditions. 
In an attempt to improve peak shape and separations, NFPA was exchanged for 
TFA. The more acidic nature of TFA (in comparison to NFPA) was anticipated to improve 
peak shape. The gradient programme and its influence on the chromatography was also 
investigated. 
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3.2.73. Experiment 7 -The Use of T F A for Separation of MPSl Components 
on a C|8 Column 
Methodology 
MPSl was investigated using two gradients (Table 3.5) on a C|8 column with 
mobile phase solvents, water and ACN, both modified with TFA (0.1% v/v). 
Results 
The EICs from the analysis carried out using Gradient I contained only a peak for 
peptide B at 25.8 mins (Figure 3.9, A, B & C). The EIC of the analysis where Gradient 2 
was used showed good chromatography for peptide B with a sharp Gaussian peak at 14.14 
mins (Figure 3.9, E). No peaks were observed for peptides A or C (Figure 3.9, D and F, 
respectively). 
Discussion 
The presence of TFA in the mobile phase was effective for peptide B, when a faster 
gradient was employed. However, all the peptides should have been detected at the 
concentrations used (0.02 mg mL"'). 
The continual input of TFA, as a component o f the mobile phase, into a MS 
detector and the observance of signal suppression throughout chromatographic runs was 
identified by Annesley (2003). Therefore, investigations were undertaken to identify 
whether the removal of TFA would improve peptide detection, and whether adjusting the 
gradient program would improve chromatography. 
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Figure 3.9 Positive ion ESI F I C s for the separation of the components of IVIPSl, on a Waters® Atlantis 
dCi8 column, with a mobile phase flow rate of 0,2 mL min"'. The mobile phase solvents were water (0.1 
% v/v T F A ) and ACN (0.1 % v/v T F A ) . E I C s A, B and C were generated using Gradient I and D, E 
and F using Gradient 2. 
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3.2.7.4. Experiment 8 - Investigation of the Causes of Signal Suppression. 
Methodology 
ACN modified with 0.1 % v/v TFA was exchanged for unmodified ACN so that, as 
the organic phase increased with the gradient, the concentration of TFA decreased. 
Concentrations o f the peptide standards were increased (MPS2, Table 3.1), as their 
detection at the new concentrations would confirm that suppression was occurring. 
Gradient 1 and 2 were each used to investigate MPS2 modified with 0.1 % v/v TFA and 
MPS2 modified with 0.1 % v/v NFPA. Increasing the concentrations o f the standards 
should lead to an increased ion count and better peak shape, because it should overcome 
the neutralisation incurred by the finite number o f I PR ions contained v^dthin the sample. 
Results 
The EICs for MPS2 investigated with Gradient 1 showed that peptide A eluted at 
5.67 minutes (Figure 3.10, A), while peptides B and C co-eluted at 7.02 minutes (Figure 
3.10 B and C, respectively). All peaks were Gaussian. At the higher concentration, the 
observed signal output was stronger for both peptides A and C (determined from the 
intensity o f the ion count, not shown). The EICs for MPS2, with Gradient 2 showed that 
peptide A and B eluted with clean Gaussian peaks at 5.97 mins 10.27 mins, respectively 
(Figure 3.10, D & F, respectively). An increase in the signal intensity for the m/z values 
associated with peptide B was observed as the ACN content was increased throughout the 
solvent gradient, but no peak was observed (Figure 3.10, E). 
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Figure 3.10 Positive ion ESI E I C s for the separation of the components of MPS2, using a Waters® 
Atlantis dCis column, and a mobile phase flow rate of 0.2 m L min *. The eluting solvents were water 
(0.1 % v/v T F A ) and ACN. E I C s A, B and C were generated using Gradient I and D, E and F using 
Gradient 2. 
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EICs for MPS2 (0.1 % v/v TFA) showed that all three peptide standards co-eluted 
al RtS between 13.05 and 13.27 mins. The observed peaks demonstrated poor 
chromatography with split-tailing peaks indicative o f overloading the column by saturating 
interactions between the stationary phase and the analyte (Figure 3.11). 
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Figure 3.11 Positive ion ESI EICs for the separation of the components of MPS2 (0.1 % v/v T F A ) , 
using a Waters® Atlantis dCI8 column, and a mobile phase flow rate of 0.2 mL m i n T h e eluting 
solvents were water (0.1 % v/v T F A ) and ACN. Analysis was carried out using Gradient I . 
The generated EICs of MPS2 (0.1 % v/v NFPA) show that peptide A eluted at 6.38 
mins. Peak overlap (partial co-elution) was observed for peptides B and C (R^ 10.64 and 
10.18 mins, respectively). The low ion count values noted (not shown) for al) three o f the 
retained peptides indicated ion suppression was occurring (Figure 3.12). 
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Figure 3.12 Positive ion ESI E I C s for the separation of the components of MPS2 (0.1 % v/v NFPA), 
using a Waters® Atlantis dCI8 column, and a mobile phase flow rate of 0.2 mL min '. The eluting 
solvents were water (0.1 % v /vTFA)and ACN. Gradient 1 was used during the analysis. 
Discussion 
For the analyses of N4PS2 on a C|8 column with the aqueous phase modified with 
TFA, only that carried out using Gradient I led to the detection o f all o f the peptides. 
Peptides A and C were detected when Gradient 2 was used. 
The detection o f peptides A and C at increased concentrations confirmed that 
suppression occurred because of the continual input of the mobile phase TFA into the 
detector. The increased concentration of peptides should have overloaded both the column 
and the detector. However, overloading seems to be reduced by mobile phase constituents 
that can form neutral ion pairs (such as the IPRs) with the ionised solute, in turn reducing 
the number of ionised species. Mobile phases like these have higher ionic strengths and 
physically screen ions (McCalley, 2005a). However, continued use of the standards at 
these concentrations was not relevant for the application o f the method to environmental 
samples. 
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Peptide standard detection was improved when unmodified ACN was used as a 
mobile phase solvent. Therefore, it was anticipated that lowering the concentration of TFA 
in the aqueous component would increase the sensitivity o f the detection. 
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3.2.7.5. Experiment 9 - An Examination of the EfTect of T E A Concentration on 
Ion Suppression 
Methodology 
Concentrations of TFA in the mobile phase solvents were adjusted to 0.02 % v/v in 
water and to 0.016 % v/v in ACN. MPSl, MPSI (0.1 % v/v TFA) and MPSl (0.1 % v/v 
NFPA) were then investigated on the dCis column using Gradient 1. 
Results 
The ElCs generated for MPS 1 contained one defined peak for peptide A, at Rt 1.45 
mins. The EIC for peptide B generated no peaks. Peptide C generated one peak at 1.58 
mins and a broad peak at 8.44 mins (Figure 3.13). 
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Figure 3.13 Positive ion ESI E I C s for M P S l , using a Waters® Atlantis dCi8 column, and a mobile 
phase flow rate of 0.2 mL min"'. The eluting solvents were water modifled with 0.02 % v/v T F A and 
ACN modified with 0.016 % v/v T F A . 
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The EICs for MPSl (0.1 % v/v TFA) showed no defined peaks and low signal 
output for peptides A and C. The EIC for peptide B contained one peak at 6.66 mins that 
demonstrated a high degree of tailing (Figure 3.14). 
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Figure 3.14 Positive ion ESI E I C s for MPSl (0.1 % v/v T F A ) , using a Waters® Atlantis dCis column, 
and a mobile phase flow rate of 0.2 mL min '. The eluting solvents were water modiried with 0.02 % 
v/v T F A and ACN modified with 0.016 % v/v T F A . 
The EICs for peptides A and C of MPSl (0.1 % v/v NFPA) contained co-eluting 
asymmetric peaks at 4.99 mins. These peaks demonstrated a large amount o f tailing in the 
form of a continuous, low-intensity pulsing signal. The EIC for peptide B contained a 
Gaussian peak at 10.70 mins. A smaller less defined peak was also observed, which co-
eluted with those observed for peptides A and C (Figure 3.15). 
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Figure 3.15 Positive ion ESI E I C s for MPS! (0.1 % v/v NFPA), using a Waters® Atlantis dC ,8 column, 
and a mobile phase flow rate of 0.2 mL min '. The eluting solvents were water modified with 0.02 % 
v/v TFA and ACN modified with 0.016 % v/v T F A . 
Discussion 
The analysis of MPS 1, with TFA present only in the mobile phase solvents led to 
RiS that were close to the solvent front. The signal intensities for peptides A and C 
(magnitude of 10**) were very low in comparison to those for peptide B (magnitude o f 10*). 
For MPSl (0.1 % v/v TFA), low signal intensities were observed for peptides A 
and C (lO'*). The R | for peptide C increased to 6.66 minutes under these conditions. 
Suppression by TFA, when used to modify the injected standards, adversely affected the 
detection of peptides A and C. 
When MPS] (O.I % v/v NFPA) was analysed, low signal intensities were observed 
for all three peptides (10^). The signal intensities had increased from those previously 
observed for peptides A and C, and decreased for peptide B. A significant increase in 
for peptide B was observed and the signal surges previously occurring around the solvent 
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front for peptides A and C (when investigated exclusive of I PR) occurred approximately 4 
minutes later. The decision was, therefore, taken to analyse MPS2, which contained much 
higher concentrations of the peptide standards, using the solvents modified with lower 
concentrations o f TFA, in order to confirm that the conditions were unsuitable for the 
analysis of peptides at low concentrations 
3.2.7.6. Experiment 10 - Examination of Low Concentrations of T F A with 
Higher Concentrations of Peptides. 
Methodology 
The chromatographic conditions employed were those from Experiment 9. MPS2, 
N4PS2 (0.1 % v/v TFA) and MPS2 (0.1 % v/v NFPA) were examined using Gradient 1 on 
the dCi8 column. 
Results 
The EICs generated for the analysis of MPS2 illustrated that the increased 
concentrations of peptides A and C generated lower than expected ion counts, suggesting 
that suppression/ ion pairing had occurred at the detector. This can visibly be seen to occur 
through the jaggedness o f the generated ion chromatographs. No defined peaks were 
observed for individual peptides when an IPR was not used to modify the injected sample 
components (Figure 3.16). 
The EIC generated from the analysis of MPS2 (0.1 % v/v TFA) for peptide A 
contained one Gaussian peak that eluted at to (1.45 mins). No peak was observed for 
peptide B while the EIC for peptide C contained variations in intensity o f the generated 
signal, with two signal surges observed in the trace at 1.58 and 8.44 mins (Figure 3.17). 
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Figure 3.16 Positive ion ESI E I C s of IV1P$2, using a Waters® Atlantis dCis column, and a mobile phase 
now rate of 0.2 mL min*'. The eluting solvents were water modified with 0.02 % v/v T F A and ACN 
modiHed with 0.016 % v/v T F A . 
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Figure 3.17 Positive ion ESI E I C s of IV1PS2 (0.1 % v/v T F A ) , using a Waters® Atlantis dC,g column, 
and a mobile phase flow rate of 0.2 mL min~\ The eluting solvents were water modified with 0.02 % 
v/v T F A and ACN modified with 0.016 % v/v T F A . 
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Figure 3.18 shows the EIC generated for MPS2 (0.1 % v/v NFPA). Peptide A 
eluted at to (1.33 mins). The observed peak was symmetrical and showed a high degree of 
tailing. Two co-eluting peaks were observed in the EICs of both peptides B and C. The RtS 
for peaks observed in the EIC for peptide B occurred at 5.58 and 11.51 mins. Tlie peak at 
5.58 minutes was sharp and Gaussian whilst the peak at 11.51 mins was broad and small. 
The R<s for the peaks observed in the EIC for peptide C were 5.50 and 11.81 mins. The 
peak at 5.50 mins was sharp and symmetrical and demonstrated a small amount of peak 
tailing, while the peak at 11.81 mins was sharp, symmetrical and broad, demonstrating a 
greater degree of tailing (Figure 3.18). 
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Figure 3.18 Positive ion ESI E I C s of MPS2 (0.1 % v/v NFPA), using a Waters® Atlantis dCig column, 
and a mobile phase flow rate of 0.2 mL min '. The eluting solvents were water modified with 0.02 % 
v/v T F A and ACN modified with 0.016 % v/v T F A . 
Discussion 
The peak suppression encountered throughout this part o f the study was caused by 
the IPRs. ESI signals are suppressed from 30 - 80 % by fluorinated carboxylic acids when 
added to mobile phases at useful concentrations (Gustavsson et aL, 2001). The 
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suppression was not eliminated by lowering the concentrations o f the IPRs, or by 
increasing the peptide concentration, and the peptide standards never demonstrated sharp 
well-resolved peaks during the experiments. 
None o f the protocols investigated using the Waters® Atlantis Cis column, led to 
satisfactory chromatography for all three peptides. For this reason, it was decided to 
discontinue using IPRs and return to a classic RP protocol. Furthermore, the stationary 
phase of the Waters® Atlantis dC|g column was highly modified by the IPRs, making the 
purchase of a new column necessary. 
3.2.8. Chromatographic Method Development for the Separation and Detection of 
Peptides using a Phenomenex® Gemini Column. 
The Phenomenex® Gemini Cig column (for specifications refer to Chapter 2, 
Section 2.8, Table 2.12) was investigated using MPS3 (Table 3.1). Water and MeOH were 
investigated as mobile phase solvents and FA was used as the volatile buffer. Two 
gradients were used during method development (Table 3.7). These were two simple 
gradients chosen at the start of the investigation into the column, and proved to be 
successful. 
Gradient 3 Time (mins) % Aqueous phase % Organic Solvent 
0 90 10 
Holding time 
20 0 100 
40 0 100 
Colimm re-
equilibration time 
41 90 10 
50 90 10 
Gradient 4 Time (mins) % Aqueous phase % Organic Solvent 
0 95 5 
Holding time 
20 0 100 
40 0 100 
Column re-
equilibration time 
41 95 5 
50 95 5 
Table 3.7 Gradients used during method development on the Phenomenex® Gemini d g column. 
3.2.8.1. Experiment 11 - The Separation of MPS3 on a Gemini Cis Column 
using MeOH (0.1 % v/v FA) and Water (0.1 % v/v FA) as the Mobile Phase Solvents. 
Methodology 
MPS3 was analysed on a Gemini Cis column using two separate solvents composed 
o f 90:10 MeOH: water and 10:90 MeOH: water. It was established that at 90:10 MeOH: 
water all peptides were eluted at to, whilst at 10:90 MeOH: water, all peptides were 
retained on the column. A gradient was then established between these two ratios for 
elution of the peptides. The mobile phase solvents were modified with FA to a final 
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concentration of 0.1% v/v. Chromatographic investigation o f N4PS3 modified with 0.1% 
v/v FA was then performed on the Cigcolumn using Gradient 3 (Table 3.6). 
Results 
The EICs generated from the analysis o f MPS3 showed that ail three peptides were 
well resolved in less than ten minutes (Figure 3.19) and demonstrated good 
chromatography. Their R^ s were 2.72 mins, 6.73 mins and 8.04 mins for peptides A, B and 
C respectively. Peak tailing and a small amount o f peak splitting were observed for peptide 
C. The base peak chromatogram is a chromatogram of the single mass peak with maximum 
amplitude during each scan. 
Base peak 
chromatogram 
peptide A 
peptide D 
peptide C 
12 14 16 
Time (min) 
18 20 
1 I 1 1 
22 
I I I r i \ i 
24 26 
T T - i 
28 
Figure 3.19 Positive ion ESI E I C s of MPS3 (0.1 % v/v FA) , using a Phenomenex® Gemini C „ column, 
and a mobile phase How rate of 0.15 mL min The cluting solvents were water and MeOH, both of 
which were modined with 0.1 % v/v FA. 
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Discussion 
AH three peptides demonstrated good chromatography and were eluted in less than 
ten minutes as well-resolved peaks. The EIC of peptide C contained peak tailing. Peptide C 
was the largest peptide examined (MW 1946.7) and was expected to exhibit folding of the 
type associated with a- helices or, p- strands. In a peptide o f this size all o f the molecules 
may not fold in exactly the same way so sites of different functional groups will be 
exposed to the active sites of the stationary phase (Bamidge, 2005). This will effect how 
easily the mobile phase solvent breaks bonds to elute the analyte. The internal silica 
capillary of the LC column can also interact to cause this type of peak to be observed. 
However, in order to investigate whether the tailing observed in the EIC o f peptide C arose 
from interaction between peptide C and the internal silica capillary of the C|8 column, the 
column was removed from the flow system and MPS3 re-analysed. 
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3.2.8.2. Experiment 12 - Flow Injection of MPS3 (0.1% vA' FA) without the 
Gemini Cis Column 
Methodology 
Tlie C i8 column was removed to establish whether the peak tailing observed for the 
EIC o f peptide C was due to interactions with the stationary phase. MPS3 was flow-
injected into the LCQ using MeOH modified with 0.1 % v/v FA as the mobile phase. 
Results 
The interaction o f the peptide standards with the solid phase was confirmed to be 
neghgible, as poor peak shape was observed for all three o f the standards when the column 
was removed. The peak shape for peptide C degraded severely in the absence o f a 
separation column. Its size and resulting molecular conformation resulted in the tailing 
observed in the EIC (Figure 3.20). 
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Figure 3.20 Positive ion ESI E I C s of MPS3 (O.I % v/v FA), flow injected directly in to the L C Q at a 
mobile phase flow rate of 0.15 mL min '. The mobile phase was MeOH modified with 0.1 % v/v FA. 
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Discussion 
The peak shape observed in the EICs of the peptide standards was considerably 
improved when the Gemini Cis column was used in comparison to the peaks obtained 
when the standards were flow-injected directly into the detector. The interaction o f the 
peptides with the internal silica capillary o f the Gemini Cig column was, therefore, 
negligible and the phase improved peak shape. 
The Gemini Cis column was returned to the flow system. The next investigation 
was performed to examine whether modifying the organic solvent with a small amount of 
ACN would sharpen the peaks observed in the EICs of Experiment 11. 
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3.2.8.3. Experiment 13 - Effect of the Modification of MeOH (0.1 % v/v FA) 
with ACN 
Methodology 
The organic solvent mobile phase was prepared to give the final ratio of 10:90:0.1 
ACN: MeOH: FA. MPS3 was then analysed on the Gemini Cis column using Gradient 3. 
Results 
The addition of ACN to the organic solvent component o f the mobile phase led to 
negligible peak-sharpening for peptides A and B. However, the peak shape o f peptide C 
was broader. The RiS for peptides A and C did not change noticeably (2.90 and 6.65 mins, 
respectively, in comparison to 2.72 and 6.73 mins from Experiment 11) while the R| for 
peptide C was increased by around 0.5 mins (Figure 3.21). 
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Figure 3.21 Positive ion ESI E I C s for MPS3 (0.1 % v/v FA). Using a Phenomenex®Geinini C , , column, 
and a mobile phase flow rate of 0.15 mL min The eluting solvents were water-modified with 0.1 /o 
v/v FA and MeOH modified with 10 % v/v ACN and O.l % v/v FA. 
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Discussion 
No noticeable improvements in chromatography were observed upon addition of 
10% ACN to MeOH. In fact, the peak shape of peptide C deteriorated in the EIC. The 
original chromatographic conditions used in Experiment 11, led to satisfactory resolution 
and clean sharp Gaussian peak shapes for all three peptides. These conditions were used 
for the analysis o f the cultured sample extractions. 
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3.2.9. L C Method Development Discussion 
The PGC stationary phase was tested using peptides A and B separately, due to the 
cost o f the peptide standards and the unknown nature o f the phase. The column turned out 
to be unsuitable for the analysis of the mid-range peptide B (Mr = 1008.2), which was 
retained strongly by the stationary phase. Two of the seven amino acids residues 
comprising peptide B were arginyl groups. These are highly basic and were predicted to 
interact strongly with the stationary phase in the presence o f the NFPA. Changing the 
solvent to one of greater aprotic strength would not have aided the analysis of the mixed 
peptide solution and would have been deleterious to the analysis of the peptide A, as it 
would have caused its co-elution at or near to the solvent front. 
The control o f peptide retention through the ionic strength o f the organic solvent 
was not straightforward. The normal eluotropic series of solvent strength data was not 
applicable as it is highly dependent on the H-bonding mechanism o f the oxide sorbents 
(stationary phase) as a retention mechanism. The retention mechanism on the PGC 
stationary phase was selective to the polarity o f the anaiyte and the solvent (Hypercarb 
application note, Hypersil®). More aggressive solvents such as dichloromethane (DCM) or 
tetrahydrafuran (THF) could have been employed but were not compatible with the mass 
analyser, leaving only MeOH, ACN or I PA. 
The use o f NFPA, in conjunction with the PGC stationary phase and increasing 
volumes of water in the isocratic solvent, caused the oxidation o f peptide A. Di-sulphide 
bridges were formed by the loss of the proton from the -S-H groups o f the cysteinyl 
residue present in the reduced form o f the anaiyte and consequent bond formation between 
the prone sulphur atoms of the molecules. This post translational modification was 
identified by the presence of the previously observed dimerised protonated adduct of the 
reduced anaiyte {m/z 615.5) and a predominant peak appearing within spectra 
corresponding to m/z 613.4. This type o f redox reaction, mediated by IPRs, would be 
diificult to identify in a natural sample. 
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When the PGC column was exchanged for the Waters®dCi8 column, the problems 
of ion suppression by IPRs became apparent with the observance o f interference and 
fluctuations in the ion signal. Even at lower concentrations of TFA (where TFA - pK^ = 
0.43, was relied upon for its acidic nature rather than its anionic ion pairing abilities) 
satisfactory chromatography for the three peptides was only achieved by increasing the 
concentration of the standards to levels that were unfeasible for good chromatographic 
separation, efficient ESI and mass spectrometric detection. These concentrations (up to 
0.02 mg mL' ') did not afTect the chromatography through adverse interactions with the LC 
column or overload the detector. The presence o f IPR, prevented the analyte overloading 
the detector by decreasing the number of charged species by forming neutral ion pairs with 
the ionised analytes, therefore, decreasing the nimiber of ions to ultimately reach the 
detector. (Tribame and Thomson, 1979; McCalley, 2005a). This phenomenon o f forming 
neutral molecules is one mechanism o f ion suppression that occurs in the gas phase 
(ionisation effects can theoretically occur in either the gas or the solution phase; King ei 
aL, 2000) and involves neutralization processes linked to the relative basicity in the gas 
phase o f the analytes and interfering substances, along with the stability o f the resulting 
ions (Antignac el aL, 2005). 
The consequences of ion suppression are copious and affect diflFerent aspects of the 
accepted analytical result. For example, sensitivity is considerably reduced due to a 
decrease in the signal generated by the analyte. Repeatability, linearity, and quantification 
are affected due to the variability o f the phenomenon (McCalley, 2005b). Ion suppression 
can also lead to non-detection of existing analytes, underestimation o f real concentrations 
and, i f afifecting the internal standard, can lead to overestimation o f analyte concentrations, 
increasing the risk of false positive identification (Antignac ei al.y 2005). 
The straightforward method involving the Gemini Ci8 column was developed 
because the IPRs were unsuitable for peptide analysis at environmental concentrations. The 
method was developed by returning to the classical LC/MS protocol using MeOH and FA 
110 
in conjunction with a C|8 stationary phase. As MeOH electrosprays far more efiBciently 
than other polar solvents, it is by far the most compatible solvent for LC/MS analysis. The 
use of FA did not cause suppression and maintained the lower pH required for the analysis 
(1 % v/v in water results in a pH o f ~ 2.75), promoting good interaction between the 
analyte and the silanols of the stationary phase. I f injected samples are too concentrated 
after the extraction process, efficiency of the analysis is compromised by; 
1) Increased competition of the analyte for the finite number of charges produced 
at the ES capillary. 
2) A co-eluting compound with a higher gas-phase PA that would compete with a 
peptide for the charge. 
There is no threshold value at which this occurs, is dependent on the chemical 
characteristics of the analyte and needs to be addressed when examining mixtures of 
unknown compounds (McCailey, 2005b). However, i f efficient separation were achieved 
then this may be overcome by manipulation of the instrumentation. 
3.2.10. Conclusion 
The LC/MS method developed was significantly modified fi-om the initial 
conditions when it became obvious that using IPRs was going to be unsuitable for the 
analysis o f peptides fi'om the cuhure samples, as they would be expected to be present at 
lower concentrations than that o f the standards. The PGC colunm in conjunction with 
NFPA, proved to be unsuitable for the analysis o f the larger peptides (B and C). However 
it was satisfactory for the analysis o f amino acids. The Waters dCig column used in 
conjunction with the IPRs did not produce detection sensitive enough due to suppression 
of anaJyte signals and neutralisation of ions. The IPRs were not efficient at separating the 
peptide standards and co-elution was often observed. The IPRs had a profound effect on 
the performance o f the analytical system and it was decided that FA was best for optimal 
chromatography and mass spectrometric conditions. Of the three columns examined, the 
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Gemini d g was the only one to generate good peak shape, satisfactory resolution o f the 
mixed peptide solution reproducibility. 
Since the chromatographic analysis o f extracted peptides would involve the 
separation of solutions containing multiple components at varying concentrations, the poor 
peak shapes of more abundant peptides may cause overlap with other peptides in the 
mixture (McCalley, 2005b). The protocol developed upon the Gemini Cig column 
appeared to have overcome this issue. 
The final method for the chromatographic analysis of the sample would therefore 
be carried out on a Phenomenex® Gemini Ci8 column using a linear gradient elution over 
twenty minutes starting at 10:90, MeOH (0.1% FA):Water (0.1% FA) and ending at 100% 
MeOH (0.1% FA). MeOH (0.1% FA) was held for twenty minutes and then returned to the 
start combination, where the column was left to equilibrate for a further 15 minutes (Table 
3,6). 
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4.1. lotroduction 
A SPE procedure was developed to pre-concentrate peptides from saline samples 
(17.5-35.0 S) prior to analysis by RPLC/ESI/MS. A SPE method was chosen to achieve: 
1) Analyte enrichment. 
2) The removal of interfering ions from the sample matrix. 
4.1.1. Trace sample enrichment 
Maximum concentrations of DON in the culture waters were ~ 24 ^mol-N L * (See 
Chapter 2, Section 2.5.5) enrichment o f the complex mixture was required. Concentration 
of the analytes by 1000 x would result in a final concentration o f --0.024 mol N L ' ' , 
equating to - 236 |ig L * N present in the DON. It is likely that the sample contained a 
mixture o f DON compounds that contain £ ^ carbon and oxygen. Separation of the 
compounds into individual peaks on the LC column (using the method developed in 
Section 3.2.8.1) was carried out, prior to ionisation, to result in smaller concentrations of 
compounds being ionised at the ES interface at any instant during analysis. The pre-
concentrated samples would not require dilution unless large concentrations of any 
constituent components were found to be deleterious to the analysis. 
4.1.2. Desalination of Samples by SPE 
Non-volatile salts were removed prior to LC/MS analysis as salt concentrations 
greater than 0.001 mg mL'' affect the sensitivity and accuracy o f MS analysis, causing 
discharge and poor spray performance at the ES interface (Gustavsson, et al., 2001). 
The chemical nature of peptides and salts (i.e. polar and ionic, respectively) made 
the cultured water supernatant ideally suited to SPE. A system was required to allow 
culture samples, containing principally salt components, to be flushed through the SPE 
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cartridges whilst retaining the peptides, and eluting them subsequently using a minimum 
volume o f organic solvent compatible with ESI/MS (Wells, 2000). 
Much o f the method development was carried out using LC columns, rather than a 
costly trial and error method using SPE cartridges. For a comprehensive review o f the 
applications o f theory behind method development for SPE, see Poole et ai (2000). 
4.2. Analysis of Peptides on a PS-DVB R P / H P L C Column. 
The peptide standards were examined on a PS-DVB LC column in order to develop 
a method that could be transferred directly to SPE cartridges containing the analogous 
sorbent. 
4.2.1. Apparatus 
Details of the HPLC pump, the ESI and MS detection conditions used throughout 
this investigation can be found in Chapter 2 (Sections 2.8 and 2.9). Variations to the related 
method parameters are noted within the text. Details o f the Hamilton PRP-1 column can be 
found in Chapter 2 (Section 2.9, Table 2.12). Analyses o f the SPE extracts were carried out 
on a Phenomenex® Gemini C i r column, using the method reported in Chapter 3 (Section 
3.2.8.2). Details of the manifold, cartridges and conditions used throughout this 
investigation are reported in Chapter 2 (Section 2.10). Any variations to these parameters 
are noted within the text. 
4.2.2. Reagents 
Reagents used during the SPE method development are listed in Chapter 2 (Table 
2.13). 
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4,23. Synthetic Peptide Standards 
The peptide structures and their specific details given in Chapter 3 (Table 3.2). The 
initial method development involved peptides A, B and C. Concentrations o f the peptides 
used are noted in the text. 
4.2.3.1. Experiment 14 - Establishment of the Conditions under which Peptides 
A - C were Eluted and Retained upon the PS-DVB Stationary Phase. 
PS-DVB SPE sorbent phases are superior to traditional Cig phases for the recovery 
of analytes of environmental interest (Poole e/ ai, 2000). The final method developed for 
the separation and detection of peptides A-C was repeated with the Gemini Cis LC column 
exchanged for a Hamilton PRP-l column (PS-DVB polymeric stationary phase), in order 
to establish that the 3 peptides would elute from the polymeric column demonstrating 
reproducible chromatography. Two isocratic elutions were carried out using highly 
aqueous and highly organic mobile phases, devoid o f modifiers, in order to establish 
retention times for the compounds and consequently the maximum volume of solvent that 
could be used for the wash stage and the minimum volume that was required for the 
complete elution of the standards. 
Methodology 
HPLC/MS analysis was initially carried out on a Hamilton PRP-l column with 
standard solution MPS3 using the mobile phase composition as noted in Section 3.2.8.1 
and Gradient 3 (Section 3.2.8, Table 3.7). 
In the second part of the experiment, the mobile phases MeOH (0.1% v/v FA) and 
water (0.1 % v/v FA), were exchanged for MeOH and water. Two isocratic analyses were 
then carried out on MPS3 with mobile phase compositions of 100% MeOH and 5:95 
MeOH: water. Utilisation of unmodified solvents enabled the calculation o f the volume of, 
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and type of solvent (eg higher aqueous or organic composition) that could be used during 
the washing stage o f the SPE extractions 
Results 
The analysis of MPS3 showed that peptides A, B and C eluted at R(S of 1.95, 9.78 
and 11.30 mins, respectively (Figure 4.1). Each of the peaks demonstrated tailing, and the 
peptide B peak also demonstrated a high degree of fi-onting. 
The EICs for the analysis of MPS3 using the two-isocratic eluent compositions of 
100% MeOH and (5:95) MeOH: water are shown in Figures 4.2. At a mobile phase 
composition of 100% MeOH, peptides A and B eluted with an increasing signal after ten 
minutes and peptide C eluted as a broad peak (R( 12.30 mins) over 20 minutes. When the 
mobile phase composition was 5:95 MeOH: water, peptide A eluted at 1.92 mins and 
peptides B and C were observed in their respective EICs after 18 mins. 
lOOq 9.73 Base peak 
chroma tog ram 
peptide A 
peptides 
L130 
peptide C 
16 IS 20 72 2^ 26 28 30 32 
n - r m 
36 Time (min) 
Figure 4. I Positive ion ESI E l C s o f MPS3 examined on a Hamilton PRP-1 13 fun PS-DVB column, 
using gradient elution; MeOH: water: FA (10:90:0.1) to MeOH: FA (100:0.1) over 20 mins; at a flow 
rate of 0.15 mL min '. 
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Figure 4.2 Positive ion ESI E l C s o f MPS3 examined isocritically on a Hamilton PRP-I PS-DVB 
column: Mobile phase composition; A 100% MeOH and; B MeOH: water (5:95). 
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Discussion 
The differences in R| for different peptides corresponded to different volumes and 
compositions of acidified mobile phase. The volumes of MeOH (0.1 % v/v FA) passed 
through the column by a specific R|, were calculated fi'om the R( as the peak returned to the 
baseline (maximum volume) for each respective peptide, multiplied by the flow rate of the 
mobile phase (0.15 mL min"') and the dead volume (to) subtracted (Equation 3). Peptides 
A-C were completely eluted from an SPE cartridge with 2.2 mL MeOH (0.1 % v/v FA). 
Volume of MeOH (0.1% v/v FA) = (R. x 0.15) - (to) 
The volumes of MeOH required to elute peptides A to C are listed in Table 4.1 
(3) 
Peptide Volume of MeOH 
(0.1 % v/v FA; mL) 
A 0.28 
B 1.55 
C 2.20 
Table 4.1 Volume of MeOH (0.1 % v/v PA) required 
for the complete elution of peptides A - C from (he 
PS-DVB sorbent. 
The isocratic programmes yielded no defined peaks, so the traditional capacity 
factor plots relating to breakthrough volumes, and the minimum volume of organic solvent 
required for elution, could not be created. 
From the chromatograms produced, peptide A eluted with all mobile phase ratios 
and would be lost from a cartridge during the sample loading period. However, this was 
immaterial to the remaining SPE method development because peptide A was chemically 
distinct from the other two peptides, with two carboxylic acid and one thiol group present 
within the structure and no available amide group. It was more hydrophillic than peptides 
B and C and was not well retained by the strongly hydrophobic PS-DVB stationary phase. 
Under identical conditions, peptides B and C were completely retained on the PS-DVB 
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stationary phase until approximately 18 minutes. This established that there was significant 
interaction between peptides B and C and the stationary phase under these conditions. 
The isocratic analysis with 100% MeOH as the mobile phase showed that peptides 
B and C exhibited small losses after 10 minutes, correlating to a minimum volume o f 1.3 
mL MeOH (calculated from Equation 3) passing through the column before peptides B and 
C eluted. 
The following conclusions were drawn from the isocratic experiments: 
1) Peptides B and C would not be eluted until 26.8 mL of 5:95 MeOH: water had been 
passed through the cartridge. 
2) The wash stage of the SPE protocol could consist of 5:95 MeOH: water and that up to 
26 mL of water could be passed through the cartridge to remove potential contaminants. 
4.2.4. The SPE Protocol 
From the experiments reported in Section 4.1 it was decided that the SPE protocol 
would be carried out as shown in Figure 4.3 at a continual flow rate o f 5 mL min ' 
(cartridge manufacturers' recommendations for large volume samples > 100 mL). The 
conditioning, equilibrating, washes, and elution stages were established from the LC 
experiments (Section 3.3.2) and volumes adjusted according to the mass bed loading of the 
cartridges (500 mg): 
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CONDITION 
MeOH 
I 
EQUIUBRATE 
10:90 MeOH: water 
I 
L O A D S A M P L E 
WASH 
5:95 MeOH: water 
I 
DRY STATIONARY PHASE 
10 mins under vacuum 
I 
ELUTION 
99:1 MeOH: formic acid 
Figure 4.3 Flow diagram of the solvents utilised during the S P E procedure for the pre-concentration 
and desalination using a PS-DVB cartridge. 
The detailed protocol was as follows: 
• The SPE cartridges were conditioned with 100% MeOH. 
• The cartridges were equilibrated with 10:90 MeOH: water. The presence of MeOH 
has been shown to change the character of the bonded phase sorbent enough to 
improve final recoveries, provided up to 10% v/v MeOH has already been added to 
the supernatant containing the analyte o f interest (Poole et ai, 1995). The addition 
o f 10-50 % (v/v) organic solvent to a sample reduces surface tensions and improves 
flow and sorbent penetration, allowing the recovery of hydrophobic analytes into 
smaller volumes of elution solvents (Wells, 2000). Thus, MeOH (10% v/v) was 
added to the sample supernatant prior to extraction. 
• The cartridges were washed with 2 x 3 mL aliquots o f 5:95 MeOH: water. The 
isocratic analyses showed that 6 mL o f 5:95 MeOH: water would not remove the 
peptide standards from the PS-DVB stationary phase but would allow sahs to be 
removed. 
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• The phase was then dried for 10 mins under vacuum. 
• The peptides were eluted in three fractions o f 1 mL MeOH modified with FA (1% 
v/v). 
• Samples were blown down under a stream o f pure oxygen-free nitrogen until dry 
and reconstituted in a 500 | iL solution of MeOH: water: FA (10:90:1.0). 
4.2.5. Choice of Mass Bed Load for the SPE Method Development 
StrataX^'^ 500 mg/ 6mL cartridges were used for the next step o f the method 
development. Higher recoveries and fewer interfering compounds (originating from the 
cartridges) were achieved compared to other brands evaluated (e.g. ENV+, Oasis HLB; 
results not shown). ENV+ cartridges and Oasis HLB cartridges were both polymeric 
sorbents, with analogous mass bed loads. When the peptides were examined after 
extraction, with an identical protocol to that o f Section 4.2.4, the chromatography was 
greatly different, Tlie resolution and the peak shapes were greatly altered by contaminant 
components that originated from the solid phase within the cartridges. 
The DON maximum (ti9.23 days), in the algal cultures was 236 \xg N L ' ' . A 500 mg 
mass bed load was chosen for the extractions to reduce the possibility o f overloading the 
sorbent phase by saturating it with organic compounds that were not o f interest, causing a 
loss of target analytes. PS-DVB is the sorbent of choice for polar analyte extraction and a 
very higher mass bed load decreases loss of analytes through large volimie extractions 
reduced the risk o f losing hydrophilic compounds (Wells, 2000; Poole et ai, 2001). The 
final elution volume was 1 mL and several flections were collected in order to guarantee 
remove of all target analytes. A large mass bed load 
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4.2.5.1. Experiment IS - Evaluation of Elevated pH Conditions on SPE using 
Chromatographic Analysis 
The pH o f the samples to be extracted had increased from pH 6.5 - 7.0 at day 0 o f 
the culture cycle, to pH 9.0 - 9.5 during the stationary stages (Chapter 2, Section 2.5.3.). 
At pH greater than 5, contaminants associated with humic material (produced by the algal 
cells) pass straight through RP sorbents and hydrophobic analytes should be retained 
(Landrum, 1984). Associated flilvic acids should pass through at any pH. It was thought 
therefore that the elevated pH would decrease matrix interference from humic components. 
Due to their amphoteric nature, the pH will affect the bonding of the peptides to the 
sorbent surface. The peptide standards were examined at an elevated pH in two ways; 
Firstly, chromalographically and secondly, with the mixed peptides standard solution at an 
elevated pH prior to SPE. This would evaluate whether the peptides would 1) elute during 
the sample loading stage or 2) be chemically changed. The increased hydrophobicity of the 
PS-DVB stationary phase was anticipated to overcome early elution problems through 
retention strength. 
Methodology 
Mobile phase solvents were modified from those employed in Experiment I I , to 
MeOH (0.1% V/VNH4'' solution at pH 9.6) and water (0.1% v/v N H / solution at pH 10.9). 
A mixed standard solution of peptides A, B and C at a concentration o f 0.01 mg mL'' was 
prepared in MeOH: water: ammonia solution (10:90:0.1, hereafter MPS4) and analysed on 
the PRP-1 column using Gradient 1 (Section 3.2.8, Table 3.7). 
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4.2.5.2. SPE Sample Preparation and Analysis 
I L o f seawater was removed from the culturing vessels during the period of 
maximum DON release (119-23) and 100 o f a stock standard solution o f peptides A - C 
(0.1 mg mL'*) added. The sample was centrifiiged in sterile containers (3500 rpm, 4 h), 
then filtered under gravity through Sartorius Minisart single-use sterile filters, connected in 
series (0.46 ^m then 0.2 nm). MeOH (112 mL) was added to each sample bottle. SPE was 
performed using Strata-X SPE cartridges (mass bed load 500 mg) as shown in Table 4.2. 
OPERATION V O L U M E 
Flow Rate 5 mL min"' 
Conditioning Stage 6.0 mL 50:50, MeOH: water 
Equilibration Stage 6.0 mL 10:90, MeOH: water 
Sample Volume Loaded 1112 mL supernatant (inclusive of 10% MeOH) 
Wash 2 X 3 mL 10:90, MeOH: water 
Dry 10 mins under vacuum 
Blution Fraction 1 0.5 mL 99:1, MeOH: FA 
Elution Fraction 2 I . 0 m L 9 9 : l MeOH: FA 
Elution Fraction 3 1.0 mL 99:1 MeOH: FA 
Table 4.2 Solvents, volames and sequence of steps in the SPE protocol for the de-salting and pre-
concentration of peptides in water samples taken from cultures of P.fricomufum. 
The cluted samples were blown down under a stream o f N2 and reconstituted with 
10:90:0.1, MeOH: water: FA before analysis via the LC/MS method o f Section 3.2.8.1. 
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Results 
The generated EICs o f MPS4 contained peaks for peptides A and C only. Peptide A 
eluted close to the solvent front as a sharp peak at 1.64 mins with a high degree o f tailing. 
Peptide B was not detected. A broad peak, corresponding to peptide C, with a high degree 
of tailing and deteriorated peak shape was observed at 10.26 mins (Figure 4.4). 
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Figure 4.4 Positive ion ESI E I C of 1VIPS4 examined on a Hamilton PRP-I 13 ^^1 PS-DVB column using 
gradient elution; (10:90:0.1) MeOH: water: ammonia solution to (100:0.1) MeOH: ammonia over 20 
minutes. The mobile phase flow rate was 0.15 mL min''. 
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4-2.5.3. The Effect of pH on SPE Efficiency 
EICs were generated for the 6 peptides and their associated ions (Table 4.3 and 
Figure 4.5). These showed that 4 o f the 6 peptides (peptides B, D, E and F) were 
successftilJy retained by the SPE cartridge. The signals generated by the standards were not 
as abundant as those observed during direct injection of each peptide into the ESI interfece. 
The peak observed in the EIC of peptide C eluled later (R< = 18.77 mins) than previously 
observed in Experiment 11 (11.30 mins; see Chapter 3, Section 3.2.8.1, Figure 3.19). The 
corresponding spectrum contained associated ions observed to be 2 Th (Thomson m/q -
equivalent to an m/z value where the charge state of the ion remains unknown) less than 
those noted in Table 4.5. Peptide C may not have been detected at its R( for a number of 
reasons: 
I) 
2) 
3) 
The ion was modified by OM or NH4^, which chemically modified 
the ion and increased its R4. 
It was flushed through the extraction cartridge due to the volume o f 
the loaded sample. 
It was flushed through the extraction cartridge due to the increased 
pH of the solution. 
Peptide Rt (mins) Associated m/z values 
A Peak due to peptide D 308.1,615.4 
B 7.27 337.3,505.4, 1010.1 
C Proposed detection at R, 
18.77 
650.1,974.5, 1947.5 
D 2.35 307.2,613.4 
E and F 1.57 (E) and 4.79 (F) 189.1 
Table 4.3 The R| corresponding (o peptide standards A to F spiked into 1 L sample of 119.23 in order to 
observe the affects of the elevated pH of the cultured water supernatant on the extraction of peptides 
via SPE. 
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Figure 4.5 E I C s of the six peptide standards spiked into sample t|9.2j and extracted with a SOO mg mass 
bed load PS-DVB Strata-X SPE cartridge using the protocol outlined io Table 3.7. Analysis was 
carried out using the method outlined in Section 3.2.8.1. 
Peptide A was not retained on the SPE column so the peak observed in the 
associated EIC was peptide D, the oxidised form of peptide A. The double-protonated form 
of peptide D equated to an m/z value that fell within 0.5 Da o f the extracted mass of 
peptide A. A limitation in the Xcalibur (1.0) software employed for data interpretation 
meant that ions 0.5 Th either side o f the desired m/z value were automatically gathered. 
The analogous spectrum contained ions associated with peptide D but none for peptide A. 
Discussion 
The LC analysis of the peptides was affected by the high pH. Peptides A and C 
were observed in their respective EICs and demonstrated poor chromatography (Degraded 
peak shape was also observed in Experiment 14; Figure 4.1). This was due to the lower 
efiSciency and chromatographic reproducibility associated with polymeric columns in 
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comparison to Cis. Peptide B was observed when the column was flushed through with 
acidic solvents. The high pH of culture samples should cause the elution o f peptides A and 
C from the sorbent, but allow peptide B to be retained. 
This was verified by extracting spiked cultured waters (removed during the stationary 
phase) using a PS-DVB SPE cartridge. The pH was shown to affect the efficiency o f the 
SPE procediu-e. A number of options were investigated to improve the number of peptide 
standards detected after SPE extraction. A number o f options were investigated to improve 
the number of peptide standards detected after SPE: 
Liquid/liquid extraction allowed the detection o f peptides B, D, E and F, but with a lower 
signal response. 
pH adjustment caused precipitation (possible humic material), introducing the need for 
extra filtering steps 
It was therefore decided to remain with the SPE method, as the extraction o f culture water 
spiked with the six peptides had yielded a base peak chromatogram with a number of 
distinct peaks that originated fi*om the OM. 
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4.2.6. Experiment 16 - Evaluation of the Effects of Salt and DOM on the Extraction 
of Peptide B 
Methodology 
The effect o f salt and DOM on SPE extraction o f peptides was assessed by spiking 
peptide B (0.01 mg mL"') into two 1 L culture water samples removed at time to and ti9.23 
of the culture cycle. The samples were prepared according to Section 4.4.2 and Table 4.2. 
Results 
Extracted ion chromatograms were generated for the m/z values corresponding to 
adducts of peptide B (Table 4.4), including sodialed and polassiated ions, in addition to 
protonated ions. All of the standards were extracted during the experiments, however 
peptide B demonstrated with a greater clarity what happened to the ion when contained 
within a saline environment and also within a saline environment that contained DOM. 
Adduct m/z 
rM+3Hl 337.3 
[M+K+2H1^"' 350.3 
rM+2Hl '"^  505.4 
[M+Na+H] 516.2 
[M+Na+NaT''" 527.2 
[M+Na+Kl 535.6 
[M+H]"^ 1010.1 
[ M + N a r 1031.4 
M-H+Na+Na] ^ 1053.6 
Table 4.4 Table of adducts for peptide B, which were summed to give E I C s . 
The extraction of the to spiked supernatant allowed a number of interactions to be 
monitored with respect to peptide B, namely: 
1) The interaction of peptide B with alkali metal ions of the saline supernatant. 
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2) The interaction between the SPE stationary phase and peptide B and i f any co-
extracted interferences originating from the stationary phase were evident. 
3) Whether the small response o f peptide B in Experiment 15 was the result o f loss, 
due the volume of water flushed through the cartridge, or due to suppression 
originating from the DOM in the extracted supernatant. 
Peptide B was detected with a higher ionic abundance in the second eluted fraction 
(Figure 4.7) than in the first (Figure 4.6). A sharp chromatographic peak for peptide B 
was observed from the first eluted Suction, and the correlating spectrum contained mainly 
the protonated forms (data not shown). 
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Figure 4.6 E I C of peptide B contained within the first eluted fraction of the extraction of to. 
The peak representing peptide B eluted in the second fi^ction did not demonstrate 
good chromatography. The formation of ions in solution prior to HPLC analysis would 
affect the chromatography and as in Figure 4.7 the efficiency of the ionisation process 
(Figure 4.7, Table 4.4). The chromatogram suggests that the column was overloaded by 
peptide B, which saturated ail sites of interaction and eluted prematurely from the 
stationary phase. 
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Figure 4.7 E I C of peptide B within the second eluted fraction of extracted to-
The correlating spectrum contained a greater number of ions associated with peptide B 
(Figure 4.8). This includes those that formed adducts with sodium and potassium. 
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Figure 4.8 Mass spectrum corresponding to R, 7.00 mins, containing ions associated with peptide B, 
from the second eluted fraction of extracted to. 
The presence of DOM adversely affected the chromatography o f peptide B in the 
analysis o f both eluted fractions. The EIC o f peptide B from the first fraction contained an 
unresolved hump following a well-resolved peak at - 7.30 mins (Figure 4.9). Multiply 
charged adducts were CAddent in the corresponding spectrum including ions formed by 
interaction with sodium and potassium. The EIC generated for peptide B from the second 
eluted fraction contained an unresolved hump following a peak. This time the peak did not 
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demonstrate good chromatography (chromatogram not shown). The analogous mass 
spectrum contained the adduct peaks for the prolonated, sodiated and potassiated forms of 
peptide B in all associated charge states (analogous to those observed in Figure 4.8). The 
abimdance o f adducls associated with peptide B was considerably reduced when extracted 
alongside DOM in comparison to extraction fi-om to. Two adducts, m/z 416.3 and m/z 
685.4, were observed, which were again directly related to the Segmentation o f peptide B 
during the ionisation process. 
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Figure 4.9 E I C of peptide B in the Tirst eluted fraction of the extraction oft. 9-13 
Discussion 
The extraction o f peptide standards fi-om the two complex systems showed that the 
ionisation and detection of those extracted fi-om the saline solution was quite different fi-om 
those extracted fi-om the saline solution containing DOM. Peptide B demonstrated good 
chromatography when analysed within the first fi-action after extraction fi-om the salt water 
systenL A degraded peak was observed during analysis of the second fi-action, with elution 
o f the associated ions occurring over 1 min. A higher ion count associated with the adducts 
o f peptide B was noted for the second fiaction. 
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No signal suppression was observed due to residual salt. The concentration o f salt 
present within the eluted fractions was estimated to be less than 0.001 mg mL'' (the 
threshold above which a decrease in signal intensity is observed; Emmert et aL, 2004). 
Peptide B adducts were observed, that corresponded to adduct formation with Na* and K"*^ , 
the source of which was the Aquil saline mix o f the culturing medium. lonisation due to 
non-proton cations as well as protons was observed consistently during LC/MS analysis. 
This can also occur i f the solvent contained salt cations, or residual cations are present in 
the extraction cartridges, where they will compete with protons to form adducts with the 
analyte (Emmert et al., 1994). 
The EIC generated by analysis of the extracts carried out on samples from the 
matrix containing DOM were not so straight forward, as matrix effects were apparent. 
Matrix effects were derived from exogenous and endogenous sources (Souveraign et al., 
2004). Suppression of the signal generated by an analyte can occur when polar compounds 
are introduced via the extraction procedure (i.e. from the sorbent contained within the 
extraction cartridges or from polar compounds such as OM from within the original matrix 
(Bonfiglio et ai, 1999; Souveraign et al., 2004). The matrix effect led to a significant 
difference in the response of peptide B extracted alongside DOM as compared to 
extraction from solely salt water. This has also been observed by Kloepfer ei al (2005) and 
Reemsta (2003), who attributed the matrix effect to those organic components o f a sanple 
that co-eluted with an analyte. The nature and amount o f co-eluting matrix compounds 
varied between samples and series of samples. It is a highly variable phenomenon and the 
mechanism by which the co-eluting compounds interfere with each other during ESI is 
unclear (King et ai, 2000). This can lead to poor reproducibility between elutions fractions 
and multiple identical samples (Bonfiglio et al, 1999; Souveraign et al., 2004; KJoepfer et 
aL,2005). 
The presence of an unresolved hump from the analysis of both flections indicates 
that many ions and their related adducts were present. A large portion o f the OM was 
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found to be contained within the second eluted fractions, identified by the presence o f solid 
yellow brown matter in the base of the vial after the fractions had been blown down. 
Repeated sampling and extractions confirmed that the second fiBclion collected contained 
the largest quantities of DOM. 
4.3. Conclusions 
The development of the SPE method was straight forward, as the method 
developed for the LC separation on the Gemini Cig proved to be directly transferrable to 
the Hamilton PS-DVB column. The method was then applied to PS-DVB cartridges and 
was shown to be reproducible. Losses of L M W peptides due to their varying chemical 
properties was expected during all parts of the extraction processes and would have to be 
accounted for and recognised from later results. 
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Figure 4.10 Schematic overview of the method development undertaken in order to redress the aims of 
recovering and analysing algal derived LMW peptides and subsequently to identify the unknown 
peptides originating from an algal monoculture using LC/MS*. 
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5.1. Introduction 
The aim o f this part of the study was to identify and characterise L M W peptides 
recovered fi-om aqueous axenic cultures of P. tricomutum using fiill MS analysis and MS°. 
Specifically, these were peptides excreted or egested fi-om cells o f axenically cultured P. 
tricomutum. The samples had been removed during the period of maximum DON release 
identified in Chapter 2, Section 2.5.5. It was assumed that many o f the peaks identified 
were peptides, fi-om the MS" scans. Peptides create unique spectra that can be identified 
using tools described later in this chapter. However, it was accepted that amino acids or 
non-peptide polymeric DON might also be observed. 
The results presented in this chapter were generated using a Top-Down' 
sequencing approach, where ionisable molecules within the samples were transferred to the 
gas-phase intact (i.e. not subjected to enzymatic digest or derivatisation). This increased 
the chances of correct sequencing and improved detection of post-transitional modification 
(Wysocki et ai, 2005). The results were produced fi-om the manual interpretation o f each 
mass spectrum of the sample extract (ti9.23) compared to extracted blanks of to. 
Chromatograms were used to verify the presence o f peaks in the respective samples and 
their absence in the respective blanks. When a unique peak had been identified, each 
spectrum scan spanning the respective peak was examined in both fiill MS and data-
dependent mass spectrometric (DDMS) analyses. In the case o f the DDMS analyses, it was 
important to check that fi'agmentation of the base peak ion generated a consistent product 
ion spectrum for every scan across the peak. 
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5.1.1. Sample Analysis 
P. tricornutum was cultured axenically as described in Chapter 2 (Section 2.2.2.). 
Aqueous samples were removed at designated time periods (to and 119.23) and extracted 
according to the method listed in Chapter 3 (Section 4.2.5.2., Table 4.2). The resulting 
samples were then subjected to full MS analysis via the method described in Section 
3.2.8.1. Although the base peak chromatogram from the axenic sample contained resolved 
peaks corresponding to a number of ions, not ail were immediately visible (Figures 4.13). 
It was important to examine every spectrum scan to monitor rising and falling ions of 
potential analytes that were not abundant enough to generate a peak in the base peak 
chromatogram. 
EICs corresponding to the m/z value o f the molecular ion of each peak were 
generated. To verify the ion as unique, m/z values from culture samples were also checked 
in the procedural blanks (to and a solvent extraction). I f the m/z ion from the blank sample 
produced an identical EIC (identical R| and spectral trace) then it was treated as ubiquitous 
and the m/z value was noted, along with those of related adducts, and rejected during the 
DDMS analysis. 
Samples were re-analysed via DDMS using the same LC protocol but with the 
mass detector set to carry out a full MS scan followed by a scan recording the CID of the 
instantaneous base peak ion (MS^). The MS^ scan was only carried out i f the threshold ion 
count of the base peak ion were greater than 1 x 10 .^ Tentative structural characterisation 
of the positively charged precursor ion was then performed using the generated product 
ions. The DDMS process allowed the detector to be manipulated so that m/z values 
corresponding to those of contaminant ions or 'ubiquitous' ions were ejected from the ion 
trap before CID was undertaken. 
Non-axenic samples were prepared in the same way as axenic samples except that 
preparation, inoculation and filtering was carried out outside of the sterile air flow cabinet. 
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5.1.2. Methodology 
The instrumental settings for the DDMS analysis o f the culture sample and the 
peptide standard solutions are listed in Table 5.1. Individual peptide concentrations were 
0.001 mg mL"' (10 ppm) in a MPS solution. All other aspects of the method were the same 
as the fiill MS analysis method given in Chapter 3. 
Data dependeot 
settings 
Non-axenic sample 
analysis 
Axenic sample 
analysis 
Peptide Standard 
Analysis 
Reject Mass List 158.20, 166.90, 180.90, 
194.90,214.20, 231.20, 
236.10, 253.90, 264.90, 
178,90, 289.10, 299.10, 
316.00,330.00, 333.80, 
347.90, 362.10,413,40, 
445.20, 487.10, 523.70, 
803.20. 
214.20, 223.20, 
231.10, 253.80, 
261.20, 279.20, 
287.20, 289.20, 
300.40, 301.20, 
305.40, 310.20, 
333.80, 335.30, 
344.30,413.30, 
414,40, 631.30, 
647.30, 687.20, 
803.40, 804.40, 
821.50. 
214.20, 223.20 
287.20, 330.00, 
413.5, 803.4, 
804.4 
Parent Mass List (none) (none) (none) 
Default Charge State 2+ 2+ 2+ 
Default Isolation 
Width 
2.00 Da 2,00 Da 2.00 Da 
Activation Amplitude 35.0 % 35.0 % 35.0 % 
Activation Q 
(Arbitrary Units) 
0.250 0.250 0.250 
Activation Time (ms) 30.00 30.00 30.00 
M i n . Signal Required 
(ion count) 
100000 100000 100000 
Table 5. 1 Settings applied to the L C Q Tor the analysis ornon-axenic and axenic samples and standards 
via DDMS. 
The DDMS analysis results o f the peptide standard solution were compared to the 
direct infusion studies of the respective peptides, where the MS^ fragmentation pattern of 
each standard at every respective charge state was investigated. Results are shown for the 
direct infusion of peptides B, E and F and the corresponding DDMS analysis of peptide B. 
The product ion spectra were then interpreted, using known rules from the literature 
(Section 5.2), to determine the amino acid sequence(s). This procedure was used to 
interpret product ion patterns resulting from the CID of peptide standards, before 
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attempting the cautious interpretation of the fragmented ions contained within the more 
complex sample mixture. The fragmentation, by CID, o f peptides B, E, and F are presented 
(Section 5.3). Each peptide contained a range of amino acids with varying functional 
groups and charge states. Furthermore, the CID spectra of peptides E and F, which were 
chiral, might register conformation differences. The main results presented are the tentative 
sequencing of the MS^ spectra of compounds identified within the axenic cultures. Parallel 
identification was carried out for a non-axenic sample (Appendix I) , which demonstrates 
how dynamic the systems were, Non-axenic samples were prepared using an identical 
method as that for the axenic samples. However, they were not sampled, filtered, handled 
within the sterile air flow system. 
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5.2. ESI/MS for Peptide Product IdentificatioD 
Current approaches for the identification o f peptides, via Segmentation, include 
top-down and bottom-up sequencing. In this study, the top-down approach was used, 
where the samples were not subjected to enzymatic or tryptic digestion, but were analysed 
as intact ions within the gas-phase. The size o f the molecular ions encountered (Mj < 2000 
Da), made this approach much more feasible than for larger peptides (i.e. Mr > 2000 Da) 
as there was the potential for complete sequencing and improved detection of post-
translational modifications (de Hofi&nan and Stroobant, 2004; Wysocki et al, 2005). 
In order to detect the maximum number of ions within the culture samples, 
separation by an LC method directly coupled to the MS was necessary. The LC allowed 
the separation of the eluted peptides and reduced competition for charge as the analytes 
extruded fi-om the spray droplets in the ESI (Wysocki et aL, 2005). ESI is a soft ionisation 
(low energy excitation) technique that allows the volatilisation of peptides without their 
destruction (Wang and Cole, 1997; Paizs and Suhai, 2005; Wysocki et aL, 2005). ESI 
induced various positive charge states onto the standard peptides and unknown compounds 
(e.g. molecules of Mr 750 - 2000 Da held up to three positive charges, while molecules of 
Mr < 750 held one or two). The number of charges held by a peptide depended on the 
chemical characteristics of the amino acid residues contained within the sequence (e.g. 
ARG, is strongly basic a high PA and the capability to sequester a charge so strongly that it 
actually dictates observed fragmentation; Wysocki et a/., 2005). Charging was induced by 
the addition of protons (from the acidified mobile phase) to form [M+H] ^, [M+2H] 
[M+Na+H]^etc., or by the adduction o f small ions such as Na^, acetate (CH3CO2') or NRj^ 
to yield the parent ion. Multiple product ions, and corresponding neutral losses, are 
generated by the high degree of intramolecular solvation amongst the dynamic population 
of protonated peptides. After activation, the extra proton is distributed in various ways in 
the same molecule, therefore initiating cleavage at many bonds (Cech et a/., 2001b; 
Wysocki et a/., 2005). 
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The fragmentation mechanisms for peptides, via ESI/CID/MS", were dependent on 
the amino acid composition, peptide size, the method o f excitation, the timescale o f the 
instrument (Chapter 1, Section 1.5) and the charge state o f the ion (Paizs and Suhai, 2005). 
Protonated peptide-precursor ions, activated under low energy collision conditions, were 
mainly formed by charge-directed reaction at the amide bonds along the backbone 
(Papayannapoulos, 1995; de HoflSnan and Stroobant, 2004; Paizs and Suhai, 
2005;Wysocki et a/., 2005). These reactions have been defined in the 'Mobile Proton 
Model' (MPM; Polce and Wesdemiotis, 2000; Csonka et ai, 2001; Paizs and Suhai, 2005; 
Wysocki ei a / . , 2000; 2005). 
The 'Mobile Proton Model' 
An amide bond is weakened considerably when protonation occurs at the nitrogen 
compared to the oxygen. In the case o f oxygen, protonation leads to bond strengthening, 
beyond that observed in a neutral species (McCormack et al, 1993; Somogyi et ai, 1994; 
Paizs and Suhai, 2005). Protonation on the amide-N is not as Ihermodynamically favoured 
as protonation on the amide-O or a basic amino side chain group (e.g. ARG or LYS; 
Wysocki et al., 2000). However, protonation on the amide N is favourable from the point 
of view o f decomposition. The MPM resolves this discrepancy by stating that, 'upon 
excitation, the proton(s) added to a peptide migrate to various protonation sites prior to 
fragmentation, provided they are not sequestered by a basic amino acid side chain 
(Wysocki et al, 2005; Paizs and Suhai, 2005). 
The sequence composition dictates the energy required for a proton to mobilise 
from a basic side chain or amino terminus. ARG-containing peptides have the greatest 
dissociation energy requirements, followed by LYS-containing peptides and non-basic 
peptides, the order duplicating that o f decreasing gas-phase basicity of the amino acid 
(Tsaprailis et al., 2000; Wysocki et al, 2005). It is well documented that certain residues, 
or combinations of residues, lead to unusual cleavage pathways (McCormack et al, 1993; 
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Dongre et ai, 1996; Nair and Wysocki, 1998; Tsaprailis et aL, 1999; 2000). Qin and Chait 
(1995) noted that protonated peptides containing ARG, ASP or GLU residues selectively 
cleaved at the acidic residues, but only if the number o f ionising protons did not exceed the 
number of ARG residues (Tsaprailis et aL, 1999). This is known as the 'aspartic acid 
effect' (Wysocki e( aL, 2005); also documented are the 'histidine' and 'proline' effects 
(Tsaprailis ei aL, 2004; Papayannapoulos, 1995). 
The formation o f product ions from protonated peptides involves pre-dissociation 
(proton transfer reactions, transitions between isomers and tautomers, cis-trans 
isomerisation of amide bonds), dissociation and post-dissociation events (Paizs and Suhai, 
2005). Two types of charge-directed peptide fragmentation pathways are noted: 1) 
Sequence dissociation channels that produce ions containing information about the primary 
sequence of peptides and 2) Non-sequence dissociation channels - losses o f small neutrals 
like water and ammonia (Wysocki e/ aL, 2005; Paizs and Suhai, 2005). A comprehensive 
overview of observed and predicted fi^mentation mechanisms associated with low energy 
CID can be found in Paizs and Suhai (2005). 
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5.2.1. Product Ion Types Associated with ESI/CID/MS^ 
Peptide identification by ESI/MS^ involves fragmentation o f the precursor peptide 
ion to produce smaller ions. These smaller Segments can then be re-assembled to produce 
the original sequence. Nomenclature exists that is used to describe the ion types produced 
by cleavage of different bonds along the peptide backbone (Figure 5.1, Roepstorff, 1984). 
The description presented here has been adapted for ion Augments typical to ESI CID and 
quadrupole ion trap mass analysers. A fiill and comprehensive overview o f the 
interpretation of peptide and protein fragmentation via all methods,can be found in Dancik 
ei al. (1999), Papayannopoulos (1995), Biemann (2000), and Wysocki et al. (2005). 
H 
OH 
Figure 5.1 Nomenclature of common ion types, where R = amino acid side chain. Adapted from 
Roepstorfr(]984). 
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5.2.2. Ion Formation 
Facile rearrangement of the precursor ion, and subsequent neutral loss (NL) leads 
to the formation of b-/y-, and a-/x- type ions; a-/b- and y-/x- type ions are formed by 
charge retention on the A -^ and C- terminal, respectively (Figure 5.2; Czonka et aL, 2001). 
The ions form via unspecific pathways (when no highly basic groups are present). For 
example the bx - y?. pathway: The rearrangement and consequent fragmentation is initiated 
by the mobilization of the proton of ionisation from the N-terminal/amino side chain group 
to the N - of the amide bond to be cleaved. Nucleophillic attack by the oxygen of the N -
terminal neighbour amid bond on the C- centre of the protonated amide bond leads to the 
formation of a protonated oxazalone derivative. The detaching C-terminal fragment leaves 
the parent ion as a neutral group. Other fragmentation pathways observed during 
rearrangement reaction can be found in Paizs and Suhai (2005). The molecular 
conformations o f y-type moieties are commonly linear peptides, whether ionic in nature or 
the neutral leaving group. The molecular conformations of the b- type moieties are 
protonated oxazalone when present in the ionic form and cyclic peptides when present in 
the neutral form (Polce and Wesdemiotis, 2000). 
Multiply-charged ions occasionally produce complementary ion pairs (e.g. a doubly 
charged ion can fragment to produce bj ym ion pair where n + m = the total number of 
amino residues in the intact peptide). The complementary ion pairs are never equally 
abundant (Tang and Boyd, 1992; Tang et aL, 1993; Papayannopoulos, 1995; Wysocki et 
a/., 2005). 
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b^: oxazatone 
ammonium 
R 4 o 
OH 
Figure 5.2 Demonstrative structures of b- and y- ions adapted from Wysocki ei at (2005). 
Other ion types observed and used in the spectral interpretation o f ESl/MS^ spectra include 
a-type ion formation (RCH=NH2; Figure 5.3), which corresponds to the loss o f CO group 
(28 Da) from a previously formed b-type ion or directly from the elimination o f a CO-
group and an amino acid (Ambihapathy al., 1991; Paizs and Suhai, 2005). An observed 
mass difference of m/z 28 between two peaks indicates that an a-b ion pair is present, 
representing cleavage at a respective amide bond, and is used to identify the ion series to 
which the peaks belong (e.g a-, b- or y- type series). Similarly a mass difference of 26 
between two peaks can indicate the presence of an x-y ion pair. Where an x-type fragment 
is an acylium ion (Gross, 2004). 
83: carbenium H 
x ^ : acylium 
O H 
H 
+ O 
O H 
Figure 5. 3 Proposed structures of a- and x- type loos (adapted from Gross, 2004; Wysocki et at, 
2005). 
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Low mass ions {m/z < 150) and those analogous to immonium ions (Figure 5.4; 
amino acid residue immonium = m/z of the amino acid residue - 27 Da) are in^ortant 
markers in peptide sequencing. The low mass region of the CID spectra contains 
information pertaining to the individual amino acids present in the peptide 
(Papayannapoulos, 1995). Table 5.2 shows proteinic amino acid residue masses, their 
corresponding immonium values and any other diagnostically important ion masses 
associated with a specific amino acid present within a sequence. This information was used 
to interpret the CID fiegmenlation spectra generated for standard peptides B, E and F, and 
the ions identified in the culture samples, during DDMS analysis. 
Figure 5.4 Structural representation of an immonium ion, adapted from Papayannolpouios (1995). 
The m/z difference between two ions observed within a mass spectrum is referred to as the 
NL. Interpreting the spectrum o f an unknown compound relies upon the identification of 
patterns in NLs (e.g. The identification of related ion pairs, amino acid residues etc).- When 
consecutive b-ions are identified, the NL between two ions should equate to an amino acid 
residue (where the peptide bond has been broken on either side). Similarly, consecutive a-
type ions can be used to identify the residue when the C-C bonds o f the peptide backbone 
have been broken. The charge state is taken into account by converting all m/z values to 
their singly charged numeric value prior to carrying out subtractions. Table 5.2 contains 
the residue values of the proteinic amino acids and other indicative low mass ions 
associated with each o f them. NB. The numeric value of an amino acid residue is 18 Da 
lower than that of an intact molecule/ion and equates to the NL of a water molecule. 
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Amino Acid Residual 
Mass 
Ions 
Immonium 
Ions 
Other Low 
Mass Ions 
Side Chain 
Mass 
Notes 
Glycine 
( G L Y , G ) 
57.02147 30.03438 
(-) 
1.0219 I f >2 GLY residues were consecutive in 
sequence, no abundom ions from cleav'ages 
between them wiW be observed 
Alanine 
( A L A , A) 
71.03712 44.05003 
( - ) 
15.023 As above but for G L Y and A L A consecutive in 
sequence 
Serine 
(SER, S) 
87.03203 60.04494 
( + ) 
31,03247 Hydroxy amino acids exhibit water loss, 18 Da 
below corresponding product ion. Losses are 
remote from cleavage site, resulting in se\-eral 
pairs ofions diflering by 18 u 
Proline 
(PRO, P) 
97.05277 70.06568 
( + + ) 
41.0532 PRO is associated with abundant y-lype ion 
formation. When PRO is not either terminal 
group then internal product with PRO as the 
first amino acid will be observed 
Valine 
( V A L , V) 
99.06842 72.08133 
( ^ ) 
41,55, 69 43.06885 
Threonine 
(THR, T) 
101.04768 74.06059 
( + ) 
45.04812 As for SER, and THR can yield two fragments 
because its side chain is fragmented at the ^ 
carbon atom 
Cysteine 
C Y S , C 
103.00919 76.0221 
( - ) 
47.00963 
Isoleucine 
( I L E , 1 ( X L E ) ) 
113.08407 86.09698 
( + + ) 
44, 72 57.0845 In its reduced form CYS behaves like SER 
Leucine 
( L E U , L 
( X L E ) ) 
113.08407 86.09698 
( + + ) 
44, 72 57.0845 
Asparagine 
(ASN, N) 
114.04293 87.05584 
( + ) 
70 58.04337 
Aspartic Acid 
(ASP, D) 
115.02695 88.03986 
( + ) 
70 59.02737 
Glutamine 
( G L N , Q ) 
128.05858 101.0715 
( + ) 
84, 112, 
129 
72.05902 G L N and LYS are isobaric, and analogous to 
G L Y and A L A , vihen present as combinatorial 
consecutive residues within a sequence. A 
mass spectrum with G L N at the A'-terminus 
contains abundant product ions 17 Da below 
m/z values of a and b type product ions 
Lysine 
( L Y S , K) 
128.09497 101.1079 
(84.08136) 
56,84,129 72.0954 As G L N . LYS can generate on abundant ion at 
m/z 84, resulting from cydization of the 
imimniuiTi side chain (loss o f ammonia) 
Glutamic Acid 
( G L U , E) 
129.0426 102.0555 
( + ) 
84,91 7.04303 
Methionine 
( M E T , M ) 
131.04049 104.0534 
( + ) 
75.04093 Oxidised MET is isobaric ui th PHR and also 
has on ammonium ion at m/z 120 
Histidine 
(HIS, H) 
137.05891 110.0718 
( + + ) 
81.05935 
Phenyalanine 
(PHE, F) 
147.06842 120.0813 
( + + ) 
91 91.06885 Presence deduced from abundant immonium 
m/z 120. PHE is isobaric with oxidised MET 
Arginine 
( A R G , R) 
156.10112 129.114 
( - ) 
70, 87, 
100,112 
100.0875 ARG is isobaric with [ V A L , G L Y ] 
Tyrosine 
( T Y R , Y) 
163.06333 136.0762 
( + + ) 
91, 107 107.0637 Presence can be deduced from abundant 
imnwnium at m/r 136.0 
Tryptophan 
(TRP, W) 
186.07932 159.0922 
( + ) 
77,117, 
130,132 
130.0797 Abundant low mass ions. TRP is isobaric to 
[GLU, G L Y l and [ASP. A L A ) 
Table 5.2 Masses of amino acid residues, corresponding immonium ions and indicative low mass ions 
compiled with reference to Papayannopolous (1995), Biemann (2000) and Wysocki et al (2005). X L E 
refers to undetermined I S O / L E U . 
148 
Apostrophes, observed before or after the letter denote the product ion type, and 
indicate the charge that the ion carries (e.g. b " refers to a positive doubly charged b ion 
and "y represents a negative doubly-charged y ion). The subscript number, after the letter 
denoting the type o f product ion, indicates the amide bond that has been cleaved. Counting 
is started from the amide bond of the terminal amino acid residue e.g. b4 refers to an ion 
formed by cleavage of the fourth amide bond away from the A'-terminal residue and yg 
refers to an ion formed by cleavage at the ninth amide bond from the C-terminal residue 
(Roepstorff, 1984). Numbers have not been included in the interpretation o f the unknown 
N compounds as the bonding order o f residues was rarely evident, especially when only a 
partial sequence was observed. 
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5.3. CTD Fragmentation Spectra of Peptides B, E and F Generated during Direct 
Infusion and DDMS Analysis 
5.3.1. Peptide B 
Peptide B (Mr 1008.7) was directly infused into the MS detector (Method - Section 
2.8.2). The full MS spectra indicated that 3 ions were produced during ionisation (Figure 
5.5); [ M + H]^ with a /n/z value o f 1009.4, (M + lUf^ with a m/z value o f 505.33 and [ M 
+ 3H]''^ with an m/z value o f 337.20. ZS*^ *^  confirmed the charge slates on each of the m/z 
values (Figure 5.5). A m/z difference o f 1 between the isotopic peaks indicated a singly-
charged ion, a m/z difference of V2 indicated a doubly-charged ion and a m/z difference of 
V3 indicated a triply-charged ion etc. 
3 + 2 + 1 + 
M+2H]» 
MSJ3-1 
[H+3H] 
400 ue 1000 1200 1400 tfioo laoo 
Figure 5.5 Positive ion ESI full MS scan of the direct infusion of peptide B, including the ZSTx 
performed on each of the 3 charged states in which it was present. The detector was tuned to each of 
the charge stages prior to performing the respective ZS^". The full scan shown was recorded with the 
detector tuned to m/z 1009.4. 
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MS^ was performed on each o f the ions observed. The results confirmed that the 
gas-phase chemistry of the peptide changed as the charge state increased (Wysocki et aL, 
2005). The MS^ spectra of the singly charged ion did not yield a great deal o f information 
about the structural conformation of the molecular ioa The largest product ion observed 
within the spectra, m/z 991.4, corresponded to the loss o f water from the precursor ion 
( [M+H -H2O] *). Four fragments, y4 ' , ys', ye', b?', were identified (Figure 5.6), and 
cleavage o f the SER side chain from the intact precursor ion was revealed by the formation 
of a dg' ion. 
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Figure 5.6 Direct infusion positive ion ESI MS' of tbe peptide B singly charged precursor ion at m/z 
1009.6. The detector was tuned to m/z 505.4 and the activation amplitude was 29%. 
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Poor fi-agmentation was observed during the CID of the singly-charged form of 
peptide B. The side chain of one of the ARG groups present in the peptide sequence would 
have sequestered the mobile proton required for non-sequential cleavage o f the ion. ARG 
has the highest gas phase basicity o f the protein amino acids and its side chain retained the 
proton required for cleavage of the ion. 
Using the MPM (Wysocki et a/., 2005) to explain the observed fi^gmenlation 
pattern; the presence o f two ARG groups within the sequence meant that the extra proton 
initiated no cleavage. ARG would have sequestered the protons due to having a greater PA 
and higher gas-phase basicity than the other ftmctional groups side chains. The 
fragmentation was charge-remote, which can be initiated by acidic side chains, such as 
GLU, ASP or even HIS (see Section 5.6). 
A richer fragmentation pattem was observed for the doubly charged precursor ion 
{m/z 505.4, Figure 5.7). The most abundant product ion in the spectrum, m/z 496.8, was 
formed through dehydration of the precursor ion, and was doubly charged. Product ions 
bs', bs', be", b?" and corresponding aa', aa", ce", a?", c?" ions were identified. Only one 
y-type doubly charged product ion was observed at ye". The product ions identified a 
narrow portion of the sequence of peptide B. The presence o f the two ARG groups greatly 
influenced the fragmentation. The number of ARG groups was equal to the number of the 
ionising protons therefore selective fi^gmentation via the charge remote 'aspartic acid 
efiFect' occurred (Wysocki et aL, 2005). The instrument set-up would not allow the m/z 
range to be altered for the direct inftision studies so data was collected within a narrow 
window of the m/z range. This problem is inherent to QIT instrumentation (Wang and 
Cole, 1997). DiagnosticaUy important low mass ions were not observed and fiagmentation 
was only assignable because the sequence of the precursor ion was already known. 
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Figure 5.7 Direct infusion positive ion ESI MS^ of the doubly-charged precursor ion of peptide B at m/z 
505.4. The detector was tuned to m/z 505.4 and the activation amplitude was 25%. 
A triply charged peptide (Figure 5.8.) was expected to generate a richer 
fragmentation, containing a greater number of diagnostically important peaks. Since the 
number of ionising protons was greater than the number of ARG groups in the sequence, 
non-selective, charge-directed fragmentation was expected to be observed. Product ions 
corresponding to a?', a?'' and b;'' were noted at the respective masses. Product ions bs", 
b 6 " and by" corresponded to the only series of consecutively cleaved amide bonds. 
Because of the high proton atTinity of the ARG side chains, it was assumed that the group 
was always protonated under the most common experimental conditions. The ARG groups 
have sequestered the positive charge so strongly that an ARG residue was always present 
within product ions. Even with the presence of a mobile proton, cleavage preferentiaUy 
yielded (-terminal ions (See structure. Figure 5.8). 
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Figure 5.8 Direct infusion positive ion ESI MS^ of the triply charged precursor ion of peptide B at m/z 
337.3. The detector was tuned to m/z 505.4 and the activation amplitude was 17%. 
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Data was recorded within a limited range, defined by the m/z value o f the ion that 
was undergoing CID. Ions with m/z values outside o f this rang were not recorded at the 
mass analyser. This was overcome by carrying out DDMS analysis on peptide B, where 
data was recorded for m/z 50-1050 (Figure 5.9). 
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Figure 5.9 DDMS positive ion ESI MS^ of the peptide B doubly charged precursor ion at m/z 505.4. 
The detector was tuned to m/z 505.4 and the activation amplitude was 35%. 
A much richer fragmentation pattern, containing more comprehensive sequencing 
information, was observed for the doubly charged form of peptide B when MS" was 
carried out using DDMS methodology in comparison to direct infusion. The activation 
amplitude for DDMS analysis (35%) exceeded that required for fragmentation during 
direct infusion studies. The activation amplitude is the energy given to a system to induce 
the fragmentation. The internal energy o f the ions was increased, overcoming the 
dissociation energy requirements for proton mobilisation from the ARG basic side chains, 
in order to incur cleavage via charge-remote fragmentation (e.g. the extra proton 
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sequestered by the ARG residue or the 'aspartic acid effect' were wholly or partizdly 
responsible for the cleavage, Paizs and Suhai, 2005). 
A number of dififerences in the spectra were observed; the dominant ion in the 
spectrum corresponded to the loss of the carboxylic acid group from the C-terminal SER 
residue, resulting in a c?" product ion or an internal ion corresponding to that shovm in 
Figure 5.10. Cleavage resulting in the formation o f c-type ions is highly unusual in 
ESI/CID because of the energy involved in breaking the HN-CR bond. In all probability, 
the ion was formed because the protons of ionisation were sequestered by the ARG side 
chain groups, resulting in the mobilisation o f the proton from the -OH group of the SER 
chain to initiate the cleavage of the ion. 
2+ 
o 
OH 
V - N H M O 
Figure 5. 10 Proposed internal product ion corresponding to 
the dominant ion in the DDMS MS^ analysis of peptide B 
(fragmentation of the dominant doubly charged form at m/z -
505.4). 
The majority of the observed product ions were doubly charged. Analogous singly 
charged fragments were observed for product ions bs and by. Related a- and x-type 
fragments to corresponding b- and y-type fragments were observed for as" and bs^'/bs', 
xs" and ys' and a4' and b4 ' and a series of fragments resulting from consecutive amide 
bond cleavage were observed for b4 to b?. Due to the increased m/z range the fragmentation 
spectrum was difficult to interpret and major ions (e.g. m/z 724.5) were unassigned. The 
facile re-arrangement of the ion and subsequent neutral loss was not easily interpreted, 
even with prior knowledge of the precursor ion's structure. 
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5.3.2. Peptides E and F 
Di-peptides E and F (GLY-DL-LEU and DL-LEU-GLY, respectively) had a Mr of 
188.1 and carried only a single extra proton after ionisation. The peptides were bonded so 
that in peptide E the A^-terminal residue was a D-conformation glycyl group and the C-
terminal residue was an ^-conformation leucyl group. In peptide F the ^terminal residue 
was a D-conformation leucyl group and the C-terminal residue was an Z^-conformation 
glycyl group. 
Peptide E demonstrated a greater degree o f fragmentation than F during MS^ 
analysis (Figure 5.11 and 5.12, respectively). The product ion (m/z 86.0) was present in 
both spectra, and mass corresponded to the mass of a LEU immonium ion. This was the 
only product ion for peptide F and the least abundant product ion generated for peptide E. 
The dominant product ion observed after the CID o f peptide E was noted at m/z 143.0, 
while the next most abundant product ions were observed at m/z 170.9 and m/z 132.0, 
respectively, with decreasing intensity. Structural elucidations of the product ions, using 
the rules set out previously, are represented in Figures 4.11 and 4.12 for peptides E and F, 
respectively. 
The chirality and the order o f bonding o f these two simple amino acids (which 
terminal corresponded to which isomeric arrangement) influenced on the pattern of 
fragmentation observed for the MS^ of the di-peptides. The two amino acids contained 
non-polar side chains; - H group (GLY), and a branched alkyi chain CH2CH(CH3)2 (LEU). 
Charge-directed fragmentation was responsible for the ions observed. 
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Figure 5.11 Direct infusion positive ion ESI MS^ of the peptide E singly-charged precursor ion at m/z 
189.22. The detector was tuned to m/z 189.22 and the activation amplitude was 21%. 
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Figure 5.12 Direct infusion positive ion ESI MS^ of the peptide F singly charged precursor ion at m/z 
189.22. The detector was tuned to m/z 189.22 and the activation amplitude was 20%. 
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Only one indicative low mass ion (m/z 86.0) was identified in the spectra of both 
peptides E and F, which corresponded to a LEU residue immonium ion. This can be 
deduced from simple subtraction: m/z 189.0 ([M+H] - m/z 86.0 (LEU immonium ion) -
18 (H2O) = 58.0 (GLY residue with the extra proton). However, carrying out this basic 
maths does not allow the bonding order, or the chirality of the amino acids, to be 
elucidated. The effect of chirality was obvious from the richer pattern o f fragmentation 
ions observed for peptide E, The di-peptides produced relatively simple MS^ spectra in 
comparison to that observed for the larger peptides. It was possible to identify the amino 
acid residues contained in the di-peptides from relatively fewer ions, but hard to assign 
bonding order. 
Investigations into how the charge state, size of molecule and amino acid side 
chains affected the observed fragmentation were carried out using the peptide standards. 
The examination and comparison of peptides A-F, using the interpretation rules and 
guidelines for fragmentation pathways set out in the literature, enabled the generation of 
the results in the next section for proposed positively ionised ON ions contained within the 
axenic cultures sampled. 
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5.4. DON Compound Ions in Aqueous Culture Samples Identified from the Full 
MS and DDMS Analyses 
In order to show just how dynamic the culture systems were both the axenic and 
non-axenic results are discussed in this next section. The results for the CID of unique 
peaks are not presented for the non-axenic samples in the main body o f this thesis. Instead 
they may be found in Appendix I . 
The m/z value of the unique peaks identified in the full MS analysis of the axenic 
and non-axenic aqueous samples are shown in Table 5.3. The masses, highlighted in red in 
the table, correspond to base peak ions selected during the DDMS analysis that had three 
or more MS^ scans carried out during the elution period o f the correlating peak. Masses 
identified as possible peptide ions in the full MS analysis that corresponded to rejected 
masses from the DDMS analysis were m/z 279.2 in the axenic sample and m/z 289.1 and 
347.1 in the non-axenic sample. Multistage analysis was not carried out on these ions. 
In the full MS analyses of the axenic and the non-axenic samples, 45 and 48 
potential peptide ions, respectively, were identified. In the DDMS analyses o f the axenic 
and non-axenic samples, eighteen and twelve potential peptide ions, respectively, were 
identified. Four ions identified in the axenic sample DDMS analysis, were undetected in 
the previous full MS analysis. These were: m/z 247A at 13.41 mins, m/z 345.4 at 
16.00 mins, m/z 352.2 at R| 9.41 mins and m/z 398.4 at 20.28 mins. Sbc ions, identified 
in the DDMS analysis of the non-axenic sample were undetected in the previous full MS 
analysis. These were: m/z 135.19 at Rt 14.01 mins, m/z 186.31 at 11.81 mins, 242.46 
at R« 8.99 mins, m/z 411.0 at R* 18.55 mins, m/z 428.91 at R, 12.59 mins and m/z 701.8 at 
Rt 14.32 mins. Three ions with identical m/z values and R|S were detected in both axenic 
and non-axenic analyses. These were: m/z 197.2, which was detected in the full MS and 
DDMS analyses of all culture samples, m/z 181.2, which was also detected in the full MS 
analyses of all culture samples, and in the DDMS analysis of the axenic sample, and m/z 
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MS^ o(m/z 33136 at R, 18.61 minutes 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion, m/z 
331.36 is shown in Figure 5.17. The dominating product ion, m/z 313.1, was consistent 
with NL o f water from the precursor ion ([M+H-H2O] ^ , Three fiirther consecutive N L o f 
water were evident from product ions, m/z 295.2, m/z 211.\ and m/z 259.2, which 
corresponded to [M+H-2H2O] [M+H-3H2O] " and [M+H-4H2O] ^. respectively. A N L 
equating to either of the isobaric GLN or LYS residues was observed between product ions 
/w/z 313.1 and m/z 185.1 and it could be implied that the N L between the precursor ion m/z 
331.36 and the ion m/z 185.1 reflected the loss o f a C-terminal GLN or LYS residue. 
One possible combination of protonated amino acid residues were possible for an 
A^-terminal product ion of m/z 185.2, this was ASN-ALA (The sequence o f fragmentation 
could not be discerned as successive losses o f water dominated ion formation, so product 
ion types were not devolved. ALA is a relatively neutral amino acid in comparison to the 
polar ASN; in combination with GLN or LYS, any o f the ASN, GLN or LYS could dictate 
the fragmentation and, the observed product ions. From the elucidation of this spectrum the 
precursor ion was perceived to contain ftinctional group with relatively low gas-phase PA. 
No indicative low mass ions were identified to indicate the amino acids present in the 
sequence, even though the spectrum was within the consistent m/z range. 
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Figure 5.17 Positive ion ESI MS' of precursor ion m/z 331.36 (activation amplitude 35 %), 18.61 mins 
into the analysis of the axenic culture sample, via DDMS using L C separation. 
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243.3, which was detected in the DDMS analysis o f the non-axenic samples and the full 
MS analysis of the axenic samples. It was noted that the R^ s o f the full MS analysis o f the 
non-axenic samples were approximately 2.50 to 3.00 minutes longer than those noted in 
any of the other analyses; this was thought to be due to a decrease in the ambient 
temperature of the laboratory (unmeasured) on the day that the analyses were performed. 
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AXENIC - ON peaks Full MS Analysis NON-AXENIC - ON peaks Full MS A nalysis 
m/z base 
peak 
m/z associated peaks 
Retention 1 
time 
(mins) 
m/z 
base 
peak 
m/z associated peaks 
Retention 
time 
(•ins) 
507.4 1.95 298.2 8.70 
393.4 415.3 3.08 197 3 14.19 
318.4 635.5 3.54 378.6 
13.62 
521.5 543.5 3.74 257.5 
257.3 13.82 
268.2 4.28 225.2 
14.67 
461.2 5.15 146.1 
14.93 
318.1 5.77 294.9 
15.49 
S^4 5 6.07 227.2 15.58 
618.5 890.5 6.24 24 > 507.1 16.43 
464 295.1 6.57 275.4 17.27 
504 6 6.77 181.2 273.1 17.44 
256.2 298.2 6.96 307.2 
329.0 17.55 
574.5 
575.1/ 692.6/ 1147.8/ 
920.6 
7.37 207.2 17.58 
279.2 8.06 182.1 17.55 
535.4 575.8 8.12 478.4 
329.4 18.02 
581.5 8.17 287.1 
309.4 18.32 
279.3 8.28 508.3 530.2 18.35 
575.4 574.6/ 581.9/ 1147.8 8.36 255.3 
18.51 
898.5 8.70 464.6 
18.49 
192.^ ^ 8.97 177.1 223.2 18.68 
393.6 9 .19 289.1 18.49 
1111.6 9.52 309 2 18.32 
275.4 616.4/ 1021.7 10.02 269.1 
301.1/ 323.3/ 385.4 19.56 
538.5 10.16 1 305.2 
327.3/ 349.2/ 631.1/653.2/ 
675.3 
19.95 
673.7 10.68 277.3 
20.13 
197 2 11.18 209 " 221.3 20.33 
864 () 842.5/ 865.7 12.17 251.3 20.69 
183.1 1064.7 12.75 273.2 
20.69 
>()9.3 225.2 12.95 291.2 20.74 
515.3 13.47 313.3 
20.74 
:^ 6:^  4 385.5/ 401.4/ 747.2 13.72 347.1 20.77 
243.3 14.24 251.3 
273.2/ 291.2/ 313.3/ 347.1 20.74 
571.3 260.9/ 275.3/ 347.2/ 229.1 14.69 1 ^>6I.l 20.74 
345.3 363.2 14.91 401.3 
20.80 
ISl 2 345.4 15.10 545.4 20.69 
57 L^^  15.15 619.4 620.5/ 625.3 20.74 
655.4 
381.4/ 627.3/381.3/ 739.2/ 
740.3 
15.44 909.0 910.1 20.71 
809.2 16.77 331.2 
23 .17 
632.2 17.79 661.5 20 .13 
V. 1 36 18.61 277.2 20 .13 
6X3.20 18.39 305.3 19.97 
279.1 398.3/ 579.3/ 879.0/ 976.1 20.36 327.3 
20.03 
743.2 383.5 20.52 1 >X9 21.79 
338.5 661.6/ 742.6 20.52 403.4 
22.00 
363.2 20.80 465.5 
783.2 21.98 
255.5 22.42 
549.4 22.48 
269.4 331.5/ 375.4/ 247.4 23 .17 
Table 5.3 Potentiil peptide ions identified in the full MS .n.lysis of the .xenic >nd non-mienie s.mples. 
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5.5. Tentative Structural Identification of ON Compounds Identified via MS and 
DDMS within the Axenic Samples 
The tentative structural identification o f ON compounds was carried out using the 
rules defined earlier in this chapter. Potential peptide ions present at levels exceeding an 
abundance of 1 x 10^  underwent MS^ analysis. Their m/z values are listed in Table 5.4. 
There are a number in addition to those that can be observed in the base peak 
chromatogram, that were identified when the spectral traces where analysed by hand. 
Axenic Culture 
m/z If (mins) 
181.0 15.23 
192.3 ?.07 
197.2 12.05 
247.08 13.7 
309.29 13.17 
331.36 18.61 
345.4 16 
352.2 9.41 
363.32 13.81 
398.4 20.52 
464.4 6.66 
504.65 6.94 
571.2 15.32 
574.82 7.44 
631.1 17.81 
655.2 15.72 
683.2 18.39 
864.6 12.39 
874.5 6.21 
Table 5.4 EIC m/z values and the corresponding R. at which the 
ion was observed for the positive ion LC/ESi/MS analysis of the 
compounds unique to axenic extracted samples of P. tricornutum 
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5.5.1. Axenic C ultures Analysis 
The base peak chromatogram for the axenic culture sample, contained defined 
peaks that potentially corresponded to peptides, and was discussed in Section 5.4. Figure 
5.13 shows the R, of the peaks (black) and the corresponding value of the base peak ion 
{m/z, red) contained within the analogous spectrum. 
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Figure 5.13 The base peak chromatogram of the positive ion LC/ESI/MS analysis of the axenic culture 
samples. Separation was carried out on a Gemini Cn column using the method developed in Chapter 3 
(Section 3.2.8.1) Numbers above the corresponding peaks are Rt (black) and the base peak ion from the 
corresponding spectrum (red). 
An increase in the relative abundance of a number of ions observed in the latter part 
o f the chromatographic analysis was observed during the MS and DDMS analysis. A 
greater number of ions were fragmented during this period in comparison to the first ten 
minutes o f the analysis. Analytes with greater non-polar characteristics are knowTi to be 
retained for longer on the reverse phases used for HPLC, and to demonstrate higher ESI 
responses (Cech and Enke, 2000; Cech, et ai, 2001a; 2001b). The ESI response is higher 
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for peptides that contain a significant number o f non-polar residues in the sequence, than 
for those with a significant number o f polar amino acid residues (Cech and Enke; 2000; 
Cech et aL, 2001a, 2001b). The relationship between ESI response and the R^  on an HPLC 
reverse phase for multiply charged peptides has yet to be determined (Cech and Enke, 
2001a). 
The fi*agmentation spectra corresponding to the peptide peaks identified during 
DDMS analysis are presented in the next section. Characteristic NL and sequence patterns 
were identified in the product ion distributions. Speculative clarification of the spectrum 
was attempted along with provisional identification o f the sequence or partial sequence 
identification pertaining to the precursor ion. Where no speculative structure could be 
assigned then the patterns o f ion type or partial identification were noted. Spectra that were 
indecipherable are represented as examples. 
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MS^ of m/z 181.00 :it R| 15.23 minutes 
The positive ion ESI/MS^ fragmentation sf>ectrum of the precursor ion m/z 181.0 is 
shown in Figure 5.14. A number of indicative low mass ions associated with TYR were 
present in the fi^mentalion spectrum. The principal product ion, m/z 135.0, was 1 Da less 
in value than the calculated m/z value for the singly charged immonium product of the 
TYR residue. Product ions, m/z 107.1 and m/z 95.0, corresponded to the ionised side chain 
fragments o f TYR, where cleavage occurred at both the a- and P- carbon o f the side chain, 
respectively. The product ion representative of side chain cleavage af^er the P- carbon, m/z 
95.0, was 1 Da higher in value than that calculated for the product ion. The product ion 
observed at m/z 163.0 was formed through dehydration of an intact protonated TYR ion 
([M+H-H201^). Product ion m/z 148.1 corresponded to the NL o f an - O H group fi-om the 
precursor ion. All product ions indicated MS^ o f the TYR ion, apart from the apparent loss 
of a proton ft-om the immonium ion of TYR. 
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Figure 5.14 Positive ion ESI MS' of precursor ion m/z 181.0 (tctivition amplitude 35 %), 15.23 mins 
into the intlysis of the nenic culture simple via DDMS using L C separation. 
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MS- of m/z 197.2 at R, 12.05 minutes 
The positive ion ESI/MS^ fragmentation o f the precursor ion at m/z 197.2 is shown 
in Figure 5.15. The largest product ion was observed at m/z 179.2, and was indicative o f 
the dehydration of the precursor ion ([M+H-H20]^). The low mass indicative ions present 
in the spectrum were m/z 93.0, 107.0 and 135.1, which suggested cleavage at the p- and a-
carbon atoms of the TYR side chain, and a TYR immonium ion product, respectively. A 
product 2 Da less than the calculated m/z of an intact TYR residue was observed at m/z 
161.0, and was indicative of the NL of water from the product ion m/z 179.1. The product 
ions analogous to a TYR immonium and side chain groups indicated that an ion 
structurally similar to TYR, but modified with an - O group had undergone fragmentation. 
The modification was identified from the NL o f H2O from the peak at m/z 179.1 to yield 
m/z 161.0, and took into account the ionising proton. 
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Figure 5.15 Positive ion ESI MS^ of precursor ion m/z 197.2 (activition amplitude 35 %), 12 05 mins 
into the analysis of the axenic culture sample via DDMS using LC separation. 
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MS^ of m/z 309.29 at R, 13.17 minutes 
The positive ion ESI/MS^ fragmentation of the precursor ion m/z 309.29 is shown 
in Figure 5.16. The peaks observed from the product ions pointed to the presence o f THR 
in the sequence; NL between the two ions OT/Z 292.1 and /n/z 191.1 equates numerically to 
101.0, which equates to a THR residue (NB. Residue masses = Monoisotopic mass of 
amino acid - monoisotopic mass of water; See Table 4.2, for the residue masses). The 
dominant product ion, m/z 174.0, corresponded to an x-type ion indicative of a C-terminal 
V A L residue. Indicative low mass ions for a protonated V A L residue {m/z 99.9) and an 
internal figment containing the V A L residue {m/z 128.1) were noted. 
The product ions m/z 263.1 and m/z 292.1 were consistent with the complete loss of 
a carboxylic acid group from the C-terminal residue and a rearrangement of the precursor 
ion that resulted in the loss of water, respectively. Only partial characterisation of the ion 
m/z 309.29 was possible with VAL and THR identified as present in the sequence. 
100 
95 
90 
85-E 
80 
75 
70 
6 5 -
<50^ 
0) 
5 4 5 
35 
30 
25 
20 
15 : 
10^ 
5 
0 
174.0 
protonated Internal residue 
VAL residue fraajnent 
12S.1 
99.9 104.1 
100 120 
145.9 
136.1 1733 
191.1 
-THR-
[M-COOH+H] 
263.1 
1 212.1 .6 235.3 247.2 
[M-HjO+H] • 
/ 
292.1 
140 160 180 200 
I ' I ' I ' ' • I 
220 240 260 
m/z 
291.0 
.'I f I - \ 
312.3 3M.5 341.1 3S8.4 
280 300 320 
f ' • ' 'I 
340 360 
Figure 5.16 Positive ion ESI MS' of precursor ion m/z 309.29 (activation amplitude 35 %)»13.17 rains 
into the analysis of the axenic culture sample via DDMS using L C separation. 
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MS^ of m/z 352.2 at R, 9.41 minutes 
The positive ion ESI/MS^ fragmentation of the precursor ion, m/z 352.2, is shown 
in Figure 5.18. The major peak observed (m/z 205.0) corresponded to a c-type product ion 
generated from the same amide bond as the observed b-type product ion (m/z 188.0), which 
was representative of an A^-terminal TRP group. A smaU product ion at m/z 130.0 that 
correlated to a protonated TRP side chain was noted. The N L observed from the precursor 
ion (m/z 352.2, [M+H] ^ to the b-type product ion m/z 188.0, was proposed to relate to the 
loss of a C-terminal PHE product ion (164.06 Da). The presence of PHE was also indicated 
by the product ion m/z at 120.0, the m/z value of a PHE immonium ion. Ions observed at 
m/z 306.1 and 334.2 were indicative o f the complete loss of the carboxylic acid group from 
the C-terminal group and the dehydration of the precursor ion, respectively. Product ion 
m/z 175.1 was indicative of an internal product of the precursor ion (annotated on Figure 
5.18). The generation o f a dominant c-type ion was highly unusual for ESI/MS^ carried out 
with ion trap instrumentation and may have occurred due to the presence of the ring 
structured functional groups o f the side chains o f both the TRY and the PHE. The proposed 
structure for the precursor ion was, [H-TRP-PHE-OH + H] 
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Figure 5.18 Positive ion ESI MS^ of precursor ion m/z 352.2 (activation amplitude 35 % ) , 9.41 mins 
into the analysis of the axenic culture sample, via DDMS using L C separation. 
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MS^ ofm/z 464.4 at R, 6.66 minutes 
The positive ion ESI/MS^ fragmentation spectrum of the precursor ion at m/z 464A 
is shown in Figure 5.19. The dominant product ion observed (m/z 332.0) was a b-type 
product ion and the a-type ion related to cleavage at the same amide bond was noted at m/z 
304.3. NL between the major product ion m/z (322.0) and the dehydrated precursor ion 
(m/z 446.0) corresponded to an ASN residue. Two b-type product ions and their emalogous 
a-type ions were observed at m/z 261.1 and m/z 204.0. NL between m/z 332.0 and m/z 
261.1, and m/z 261.1 and m/z 204.0, pointed to the loss o f an ALA residue and a GLY 
residue respectively. The A'-terminal fragment, represented by m/z 204.0 could be one o f 
two combinations of protein amino acids, GLU and HIS or THR and CYS. No indicative 
low mass ions were available to verify this, so the structure of the precursor ion could not 
be positively identified. Partial sequence elucidation was proposed [HO-ASN, ALA, GLY-
Xxx + H] ^. Where Xxx is representative of an unidentified portion o f the amino acid 
sequence. 
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Figure 5.19 Positive ion ESI MS^ of precursor ion m/z 464.4 (activation amplitude 35 % ) , 6.66 mins 
into the analysis of the axenic culture sample, via DDMS using L C separation. 
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MS^ of m/z 504.65 at R, 6.94 minutes 
The positive ion ESI/MS^ fragmentation o f the precursor ion at m/z 504,65 is 
shown in Figure 5.20. The dominant product ion, m/z 305.2, was a y-type ion. The product 
ion noted at m/z 287.1 was the dehydrated product of the dominant ion. Related x-/y- and 
a-/b- type product ions associated with cleavage at the same amide bond were identified at 
m/z 148.9 and 175.1 (x/y), m/z 190.1 and 217.2 (a/b), m/z 330.2 and 358.2 (a/b), and m/z 
416.7 and 444.3 (a/b). The product ion, m/z 486,2, corresponded to the dehydration o f the 
precursor ion ([M+H-H2O] ^ . NL observed between the product ions m/z 305,2 and 175.2 
and m/z 261.7 and 175.2 corresponded to IVTET and SER residues, respectively. They could 
not both be present in the sequence, as the NL of both o f these amino acid residues from 
the initial product ions could not result in the same product ion observed at m/z 175.1. N L 
observed between the b-type ion fragments, m/z 486.2 and 358.2, and m/z 444.3 and 358.2 
corresponded to GLU and SER residues, respectively. Again, for the same reason, as 
mentioned above they could not instantaneously occur. The presence of ions 18 Da below 
both m/z 287.1 and 469.3 could indicate the presence of hydroxyamino ions in the form of 
SER, GLU or ASP (and to a lesser extent THR) as these residues often exhibit a loss o f 
water. These losses are often remote from the cleavage site, resulting in several pairs o f 
ions differing by 18 Da (Papayannapoulos, 1995), Highly modified side chain groups can 
also give misleading fragmentation. Thus, amino acid residues appeared to be present, in 
the separated LC peaks but no sequence was deduced. 
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Figure 5.20 Positive ion ESI MS^ of precursor ion m/z 504.65 (activation amplitude 35 % ) , 6.94 mins 
into the analvsis of the axenic culture sample, via DDMS using L C separation. 
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MS^ of m/z 574.82 at R, 7.40 minutes 
The positive ion ESI/MS analysis of the axenic culture sample at 7.40 mins 
contained ions representative o f [M+H]^and [M+2H] where Mr = 1147.63. Using the 
Mr as a guideline the parent ion may have contained 8 or 9 amino acid residues. The 
positive ion ESI/MS^ fragmentation o f the doubly charged precursor ion, m/z 574.82 
(Figure 5.21) contained a dominant peak at m/z 693.5. Complementary bn/ymion pairs were 
observed at m/z 228 and m/z 920.7, m/z 456.2 and m/z 693.5, and m/z 357.1 and m/z 791.5. 
The m/z values of the complementary b- and y- type ions, when summed, are 2 Da greater 
than the m/z value of the total peptide ion, when singly charged. No discerning features 
were observed regarding the type o f product ions observed (b-/ y-). The m/z difference 
between m/z 920.1 and m/z 791.5, and m/z 357.1 and m/z 228.0 corresponded to the NL o f 
GLU residue (129.05). The mass difference between m/z 791.5 and m/z 692.5, and m/z 
456.2 and m/z 357.1 corresponds to the NL of a V A L residue (99.06). Product ions m/z 
228.0 and m/z 920.1 correlated to two values that when summed equate to one bn/ym ion 
pair. The precursor ion was a doubly charged ion, often observed when a residue e.g. ARG, 
SER, LYS, PRO, HIS, group with basic characteristics was present within the sequence. 
V A L and GLU residues were thought to be subsequent to one another in the sequence, 
however no other defining information regarding residues present in the remainder of the 
sequence could be deduced from the spectrum. 
The observed poor fragmentation pattern could be due to the presence of one or 
more residues that contained functional groups writh a high gas-phase basicity, which 
sequestered one or both of the extra protons and allowed charge-remote fragmentation 
pathways to dominate the cleavage o f the ion (WysockJ ei a/., 2005). 
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Figure 5.21 Positive ion ESI MS^ of precursor ion m/z 574.82 (activation amplitude 35 % ) , 7.40 mins 
into the analysis of the axenic culture samples via DDMS using L C separation. 
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MS^ of m/z S71.20 at Rt 15.32 mins 
The positive ion ESI/MS^ fragmentation of the precursor ion, m/z 571.20 is shown 
in Figure 5.22. A b-type product ion, m/z 328.9, was observed to be dominant, with the next 
most dominant ion observed at m/z 314.8. The dehydrated precursor ion was noted at m/z 
553.2, [M+H-H2O] Another rearrangement resulted in the loss o f two neutral water 
molecules from the precursor ion to yield, m/z 535.1. The C-terminal group, where it is 
assumed that the initial water loss occurred, might have been acidic or contained another 
hydroxyl group, e.g. GLU/ASP/SER. However, the secondary water loss may have been 
remote from the C-terminal residue. 
Product ion m/z 466.2 correlates with a N L of a SER residue from the product ion 
m/z 553.2. A NL equating to a HIS residue was observed from m/z 466.2 to yield the 
product ion m/z 328.9. Neutral water loss was observed from both product ions m/z 466.2 
and m/z 328.9 to yield product ions m/z 447.\ and m/z 310.1, respectively. The peptide 
sequence responsible for this Segmentation pattern may have cont£uned both HIS and 
SER, There was good evidence for the presence o f SER, with the sequential loss o f water 
from the bVy'-type ion fragments, that may or may not be remote from the point o f 
cleavage. Partial sequence determination o f the precursor ion leads to [H- (SER, HIS, Xxx) 
- O H +H] ^ (where Xxx represent the unassigned portion of the sequence). 
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Figure 5. 22 Positive ion ESI MS^ of precursor ion m/z 571.2 (activation amplitude 35 % ) , 15.32 mins 
into the analysis of the axenic culture samples via DDMS using L C separation. 
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MS^ofm/z 655.20 at R. 15.72 mins 
The positive ion ESl/MS^ fragmentation o f the doubly charged precursor ion, m/z 
655.2 is shown in Figure 5.23. The Mr of the parent molecule was 1308.39. The two most 
abundant fragments were the doubly charged a- and b- type ions relating to cleavage at the 
same amide bond, m/z 414.8 and m/z 400.7, respectively. The product ion observed, m/z 
1293.0, corresponded to the NL of NH3 ( [M+H-NHa]^ from the parent ion ( [ M + H ] ^ m/z -
1309.39). The NL from m/z 1293.0, o f a combination o f the residues of HIS, GLN/LYS, 
GLY (not in this specific order) could account for the product ion m/z 971.2. With no 
indicative low mass ions visible to verify the presence of these amino acid residues, the 
assignments of NL were purely speculative. 
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Figure 5.23 Positive ion ESI MS^ of precursor ion m/z 655.2 (activation amplitude 35 % ) , 15.72 mins 
into the analysis of the axenic culture samples via DDMS using L C separation. 
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MS^ofm/z 683.20 which Eluted over 18.28-18.45 Minutes 
The most abundant ion observed within the positive ion full ESI/MS scan at 
18.28 mins was m/z 683.2. This was the sodiated parent molecule ([M+Na]"", m/z 683.2). 
The Mr of the parent molecule was 660.3. Smaller signals were observed for the related 
ions [ M + H ] ^ m/z - 661.3 and [M-H+Na+Kf, m/z - 722.2 (Figure 5.24). 
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Figure 5.24 Positive ion ESI MS at R, 18.28 mins into the analysis of DON compounds contained within 
the axenic culture sample via LC/DDMS. The precursor ion of the DDMS, m/z 683.2 (|M+Na| *) 
remained dominant in the spectrum until 18.45 mins. 
The formation of sodium adducts is a common process in positive ion ES, particularly for 
species that do not contain strongly basic groups (GriflSths e( ai, 2001). 
MS^ analysis of the precursor ion, m/z 683.2, was not consistent and three different spectra 
were observed in successive scans. The first fiagmentation spectrum (R^ 18.28 mins, 
Figure 5.25), contained three ions related to the fragmented precursor, [M+H-H20]^, m/z -
1304.3, [ M + N a ] \ m/z - 683.3 and [M+Na-H20]^ m/z- 665A, Relating to cleavage at one 
amide bond a-, b- and c- type fragments were assigned to m/z 370.5, 384.4 and 401.9, 
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respectively. Amino acid residues of XLE, GLN/LYS and CYS were provisionally 
assigned to observed NL between product ions m/z 384.7 and 272.0, m/z 466.1 and 337.6, 
and m/z 488.1 and 384.7. The NL noted between m/z 682.6 and 526.5 implied a C-terminal 
ARG or a C-terminal combination of V A L and GLY residues. 
100 q 
95 
90 
85 
80 
75 
70 
65 
^60 
? s o 
35 
30 
25 
20 
15 
10 i 258.7 
5 
0 
-XLE 
GLN or LYS 
272.0 
bVv 
337.6 
]" 1 ~ i" " 1 1 f \ I T I I I T 
250 300 350 
387.1 
ARG or VAU 
GLY 
C-termlnal 
groups 
b'/v' 
526.5 682.6 
b W 
466.1 488.1 
— T - r 
400 
Na 
450 
> 1 » 1 
500 
[M-Na-H] • 
637.2 
665.7 
'•> i ' 
550 600 650 700 
m/z 
Figure 5.25 Positive ion ESI MS^ of precursor ion m/z 683.2 (activation amplitude 35 % ) , 18.28 mins 
into the analysis of the axenic culture sample, via DDMS using L C separation. 
The major ion in the second spectrum (Figure 5.26) was identical to that observed 
in the first spectrum (jn/z 384.8) and was observed along with related a- and c-type cleaved 
fragments from the same amide bond {m/z 370.5 and 401.9, respectively). The precursor 
ion, m/z 683.2 ([M+Na]"), its dehydrated form, m/z 655.4 ([M+Na-HzO]^ and the 
dehydrated dimerised protonated parent molecule, m/z 1304.3 ([2M+H-H20]^\ were also 
noted. NL corresponding to sequence dissociation o f amino acids was not evident in this 
spectrum. The lack of fragmentation could be due to the presence o f one or more basic 
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fiuictional groups sequestering the extra proton and influencing the cleavage of the parent 
ion. 
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Figure 5.26 Positive ion ESI MS^ of precursor ion m/z 683.2 (activation amplitude 35 % ) , 18.39 mins 
into the analysis of the axenic culture sample via DDMS using L C separation. 
The third spectrum (Rt 18.45 mins. Figure 5.27) contained ions unobserved in the 
previous fragmentation spectra. However, a number of fragmentation ions analogous to 
those noted in the previous spectra were present; the dominant ion m/z 384.8 (b- type 
product), v^th its correlating a- {m/z 384.1) and c- (m/z 400.7) type product ions and the 
dehydrated form o f the precursor ion ([M+Na-H20] ^ . Three amino acid residues could be 
assigned to NL between product ions m/z 585.5 and 483.9, m/z 483.9 and 384.8, m/z 384.8 
and 327.1. These were the amino acid residues THR, V A L and GLY, respectively. 
Tentative structural elucidation of this ion from the three generated spectra with 
varying fragmentation details did not lead to the identification o f product ions formed from 
sequential or non-sequential rearrangements of the precursor ion. Even consistent product 
ions in all three spectra did not allow speculative clarification of the product ion. 
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Figure 5.27 Positive ion ESI MS^ of precursor ton m/z 683.2 (activation amplitude 35 % ) , 18.45 mins 
into the analysis of the axenic culture sample via DDMS using L C separation. 
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MS^ of m/z 864.60 at 12.39 mins 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
864.60 is shown in Figure 5.28. The major product ion, m/z 690.5, was an a- type ion with 
corresponding b- and c- type ions observed at m/z 718.4 and m/z 736.5 respectively. The 
second most intense peak in the spectrum corresponded to the NL of water from the 
precursor ion {m/z 864.6) resulting in a b- type product, m/z 847.5 ([M+H-H2O] Two 
fragmentation ions corresponding directly to NL from the dehydrated precursor ion were 
observed: 
1. An a- type product at m/z 819.5, which implied the complete loss o f the 
carboxylic acid group from the C-terminus. 
2. Two ions representing successive NL of water, m/z 829.5 ([M+H-2H20]'*^ and 
m/z 803.5 ([M+H-3H20]^. 
The NL of water from the dehydrated species was symptomatic o f the presence of 
an acidic residue such as ASP, GLU or SER, where water loss originated from cleavage at 
the side chain of the respective amino acid. The N L observed between the b- type product 
ions m/z 847.5 and 718.4 and the precursor ion {m/z 864.6) and m/z 718.4, corresponded to 
the NL of a GLU amino acid residue and a C-terminal GLU amino acid residue (with an 
intact C-lerminal and side chain carboxylic acid groups), respectively. Five a- and b- type 
ions consistent with cleavage o f sequential amide bonds were observed in the spectrum: 
1) m/z 365.0 (a') and/n/z 337.0 (b') 
2) m/z 478.3 (a') and m/z 450.5 (b') 
3) m/z 605.4 (a') and/n/z 577.3 (b') 
4) m/z 690.5 (a'), m/z 718.4 (b') and m/z 736.5 (c') c-type bond 
5) m/z 819.5 (a') and m/z 847.5 (b') 
The diflference in m/z between the a- and b- type ions in I ) and 2), and 3) and 4) tallied 
with the NL o f XLE residues. The difference in m/z between a- and b- type ions in 2) and 
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3) corresponded to the NL of GLN or LYS amino acid residues (NB they are isobaric with 
respect to each other). The difference in m^'z between a- and b- ions in 4) and 5) related to 
the NL of a GLU amino acid residue. A speculative elucidation of this amino acid 
sequence could be [Xxx-Xle-GLN-LYS-Xle-GLU-OH]^ (where Xxx represented the un-
interpreted portion of the sequence). 
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Figure 5.28 Positive ion ESI MS^ of precursor ion m/z 864.6 (activation amplitude 35 % ) , 12.39 mins 
into the analysis of the axenic culture sample via DDMS using L C separation 
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MS^ ofm/z 192.30 at R( 9.07 mins 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
192.30 is shown in Figure 5.29. The most intense product ion observed, m/z 177.20, 
corresponded to NL of a CH3 molecule from the precursor ion ([M+H-CH3] No other 
information corresponding to N L or L M W diagnostic ions could be surmised from the 
spectrum. No further structural inference could be made due to a poor fragmentation 
pattern. 
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Figure 5.29 Positive ion ESI MS^ of precursor ion m/z 192.3 (activation amplitude 35 % ) , 9.07 mins 
into the analysis of the aienic culture sample via DDMS using L C separation 
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MS^ ofm/z 363.32 at R, 13.81 mins 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion, m/z 
363.32, is shown in Figure 5.30. The most intense ion was observed at m/z 291.20. The 
spectrum contains a series o f peaks consistent with the sequential loss of water from the 
ion. No other information was deduced from this spectrum that could pertain to the 
tentative clarification of the parent molecule/ion. This sequential loss of water was also 
observed in the spectra of precursor ions m/z 247.08 at Ri 13.70 mins (spectra not shown) 
and m/z 345.40 at R, 16.00 mins (spectrum not shown) listed in the table of proposed 
axenic peptide precursor ions (Table 5.4). 
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Figure 5.30 Positive ion ESI MS^ of precursor ion m/z 363.32 (activation amplitude 35 % ) , 13.81 mins 
into the analysis of the axenic culture sample via DDMS using L C separation 
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MS^ of m/z 874.5 at 6.21 mins 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion, m/z 
874.5, is shown in Figure 5.31. A single intense product ion, m/z 810.5, was observed. It 
was also observed for the precursor ions m/z 398.4 and 631.00 at RT 20.52 and 17.81 rains, 
respectively. The single product ions observed in these spectra were m/z 301.1 and 631.1, 
respectively (spectra not shown). When the m/z value o f the major ion was identical to the 
precursor ion, the applied activation energy was not enough to induce CID o f the precursor 
ion, either by mobile proton or charge-remote cleavage fragmentation pathways. Where the 
precursor ion was fragmented and one intense product observed, the charge was likely to 
have been sequestered on a basic functional group that had a very high PA and no charge-
remote protons could be utilised for fragmentation. The internal energy of the ion, was not 
enough to implement cleavage of the bonds (Wysocki et a/., 2005). 
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Figure 5 J I Positive ion ESI MS^ of precursor ion m/z 874.5 (activation amplitude 35 % ) , 6.21 mins 
into the analysis of the axenic culture sample via DDMS using L C separation. 
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5.6. Discussion 
The uncharacterised compounds detected in the axenic culture waters by the 
method developed in Chapter 3, Section 3.2.8.1, contained a large number o f ions that 
upon fragmentation generated spectra that indicated the presence o f amino acid residues 
and some low molecular weight indicative ions. The spectra generated from the CID o f the 
ions were interpreted via the tentative application o f peptide-sequencing rules elucidated 
from the literature relating to 'top-down' structural identification of peptides (Johnson et 
a/., 1988; McLuckey, 1992; Neubauer and Anderegg, 1994; Papayannapoulos, 1995; Qin 
and Chait, 1995; Dongre et al., 1996a; Vekey et ai, 1996; Ambihapathy et ai, 1997; 
Kaltashov and Fenselau, 1997; Nair and Wysocki, 1998; Vachet and Calloway, 1998; 
Tsaprailis et al., 1999; 2000; 2004; Cech and Enke, 2000; Polce, 2000 and Wesdemiotis; 
Cech and Enke, 2001a; 2001b; Cech et ai, 2001a; 2001b; Czonka et al., 2001; Griffiths et 
ai, 2001; Sonsmann et al, 2001; Trauger et al., 2002; Eckart et aL, 2004; Wysocki et a/., 
2000; 2005). 
The structural identification o f the assumed peptide ions depended on the 
fragmentation pattern o f product ions observed after CID of the base peak ion, which was 
influenced by the amino acid composition, bonding order o f the residues (Eckart et al., 
2004), the size of the molecule, the method of excitation, the timescale of the instrument 
(See Section 1.6) and the charge state of the ion (Paizs and Suhai, 2005). Protonated 
peptide precursor ions, activated under low energy collision conditions, fragment mainly 
by charge directed reaction at the amide bonds along the backbone (Papayannapoulos, 
1995; Paizs et aL, 2002; Paizs and Suhai, 2005; Wysocki et al., 2000). These reactions 
have been defined in the ^Mobile Proton Model' (Section 4.2), while also taking into 
account the efifect of the amino acid side-chain groups influencing the pathways o f 
cleavage (McCormack et aL, 1993; Dongre et aL, 1996b; Nair and Wysocki, 1998; 
Tsaprailis et aL, 1999; 2000; 2004; Wysocki et aL, 2000; 2005). 
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The initial work on peptides B, E and F allowed the assignment of product ions 
from the fragmentation spectra of ions with a known molecular structure. The assignment 
of ion type to the product spectrum of directly-infiised and DDMS-analysed samples 
containing peptide B was only possible because the sequence was already known. The 
residues making up peptides E and F could be identified, although the two generated 
spectra were quite different. This was due to the dififerent chirality and bond order of the 
two amino acids, which could not be elucidated from the product ions. During the 
fragmentation o f the larger molecular ions (> 350 Da), only partial sequence interpretation 
was accomplished. This was observed initially in the standards and also applied to the 
unknown compounds. 
The proposed peptides contained within the axenic culture sample included two 
amino acid residues, believed to be TYR (m/z 181.00) and a modified form of TYR (m/z 
197.20). Both fi^gmentation spectra contained the indicative low mass ions for TYR in the 
form of immonium and side-chain ions. The fragmentation spectra for m/z 197.20 
contained an additional ion at m/z 179.2, suggesting that a TYR molecule had undergone 
modification through addition of an - O atom. 
Partial peptide sequences were proposed for m/z 309.29, m/z 464.4, m/z 331.36, m/z 
504.65, m/z 571.2, m/z 574.82, m/z 655.2, m/z 683.2, and m/z 864.60 (See Section 4,7, 
Table 5.5). The majority of product identification from fragment ions was made assuming 
that they were produced by one o f the two types of charge-directed peptide Augmentation 
pathways: sequence dissociation and non-sequence dissociation channels (Paizs and Suhai, 
2005). 
The spectra of the dissociated base peak ions m/z 331.36, m/z 504.65, m/z 571.20, 
and m/z 864.60 all contained product ions with NL between that could be assigned to 
amino acid residues SER or GLU and the non-sequential loss o f water from fi-agments that 
were often remote from the cleaved section (Wysocki ei al., 2005). Four mechanisms of 
water loss have been identified from protonated peptides involving dehydration o f the C-
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terminal, ASP and GLU side chain groups, at the backbone amide oxygens, and at the side 
chains of SER and THR (Ballard and Gaskell, 1993; Paizs and Suhai, 2005). Two of the 
mechanisms, detailed below, were thought to control the fragmentation observed within 
the spectra of m/z 331.36, m/z 504.65, m/z 571.20, and m/z 864.60. Attempts have been 
made to explain the mechanism behind the backbone water loss (Reid et al., 1999), but 
atomistic details of the underlying chemistry remain unknown (Paizs and Suhai, 2005). 
Water loss from the C-terminal carboxylic acid group is initiated by mobilisation of 
the extra proton, which has to reach a hydroxyl group. The pathway for proton transfer 
involves the low energy amide oxygen protonation sites (Balta et ai, 2003). Once the 
proton has reached the C-lerminus it transfers to the - OH group, the HO-C bond is broken 
and an oxazalone ring is formed. These three steps occur concertedly but asynchronously 
(Figure 5.32, Paizs and Suhai, 2005). 
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Figure 5.32 The proposed mechanism of water loss from a C-terminal carboxylic acid group, the 
mobile proton reaches the C-terminus and the proton transfers to the - O H group, breaking the H O - C 
bond, resulting in the formation of an oxazalone ring. Figure adapted from Paizs and Subai (2005). 
Another proposed mechanism of water loss similar to that mentioned above occurs during 
lactone formation. The O group penultimate to the C-terminus becomes protonated, the 
simultaneous formation o f an N=C and the breaking of the C=0 bond, leaves the O free to 
attack the carbon of the C-terminal group, consequently leading to dehydration and the 
formation o f a lactone ring (Figure 5.33; Solomons, 1997). 
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Figure 5.33 The proposed mechanism of water loss from a C-terminal C O O H group, the mobile proton 
remains on the penultimate C=0 oxygen. The simultaneous formation of an N=C bond and the 
breaking of the C = 0 bond leads to the loss of water and the formation of a lactone ring. Adapted from 
Solomons (1997). 
The mechanism of v^ater loss from the ASP and GLU side chains occurs via a 
similar mechanism, with the reaction between the backbone and side chain COOH groups 
resulting in various cyclic products. Formation of pyroglutamic acid is facile when the 
GLU is positioned at the A^-terminal and usually accompanied by an abundant loss of 
water. (Figure 5.34, Paizs and Suhai, 2005). 
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Figure 5.34 The proposed mechanism of pyroglutaraic acid formation. Formation of pyroglutamic acid 
is facile when the G L U is positioned at the A^-terminal position and usually accompanied by an 
abundant loss of water. Figure adapted from Paizs and Suhai, 2005. 
Conventional carbonyl addition dictates that the N will not attack the C o f the side 
chain group as NHs^. I f the lone pair is available the N will attack in the form of NH2 .^ In 
such a case a plausible mechanism would involve the protonation of the hydroxyl O in 
each case, with water loss occurring without the C=0 bond being broken (Jones, 2005). 
Ballard and Gaskell (1993) and Reid et al. (1999) have studied water loss in 
relation to SER and THR side chains. Mobilisation of the extra proton to the side chain 
oxygen of the SER or THR instigates the nucleophilic attack of the C-terminal adjacent 
amide oxygen, resulting in the formation o f a five (SER) or six (THR) membered ring (as 
shown in Figure 5.35; Ballard and Gaskell, 1993; Reid et a/., 1999; Paizs and Suhai, 2005). 
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Figure 5.35 The proposed mechanism of water loss from the S E R side chain , Mobilisation of the extra 
proton to the side chain oxygen of the S E R or T H R instigates the nucleophilic attack of the C-terminal 
adjacent amide oxygen, resulting in the formation of a five (SER) or six (THR) membered ring. Figure 
adapted from Paizs and Suhai (2005). Evidence of this mechanism was identiFied in the DDMS analysis 
of the axenic samples. 
In the case of the fragmentation o f the base peak ions m/z 331.36, m/z 504.65 and 
m/z 571.20, multiple losses of water were observed from both the precursor ion and 
successive product ions. Papayannapoulos (1995) noted this to be common where SER and 
GLU were present within the peptide sequences, often occurring remote from the point of 
cleavage along the backbone. The fragmentation spectra of mJz 331.36 and m/z 571.20 both 
contained one dominant product ion that corresponded to the dehydrated precursor ion and 
an internal b-/y- type product, respectively. The small amount of fragmentation observed in 
each spectrum was consistent with charge-remote fragmentation caused by the *Aspartic 
acid efiFect'. This refers to the sequestration o f a mobile proton by a basic amino acid 
residue. The proton required for cleavage is then derived from the side chain of an acidic 
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residue such as ASP or GLU (Dongre ei ai, 1996a; 1996b; Polce and Wesdemiotis, 2000; 
Wysocki et aL, 2000; 2005). The CID of protonated peptide ions containing ARG and ASP 
or GLU resulted in selective cleavage at the acidic residues, i f the number of ionising 
protons does not exceed the number o f ARG residues (Tsapraillis, 2000). 
The spectrum of the fragmentation of the ion m/z 571.20 also contained neutral loss 
between product ions that could correspond to a HIS residue. The presence o f an amino 
acid in a sequence can aid charge-remote fragmentation via 'The Histidine Effect'. 
Fragmentation instigated by protonation of the HIS side chain causes HIS to act as a weak 
acid (Wysocki el al, 2000). The nucleophilic N of the HIS side chain attacks the peptide 
backbone and cleavage leads to the formation o f atypical acyclic structures (Tsapraillis et 
ai, 2004; Paizs and Suhai, 2005; Wysocki et al, 2000; 2005). MS^ spectra of peptides 
containing a HIS residue will often contain an abundant indicative low mass ion at m/z 
110.0 (Papayannapoulos, 1995). The range of the m/z scale for the spectrum generated 
during the MS^ 571.20 did not go to a low enough value to allow this indicative low mass 
ion to be observed. 
Another proposed phenomenon which was evident from the fragmentation of the 
precursor ion m/z 574.82 was the formation o f complementary bjym product ion pairs 
(where the sum o f n + m is equal to the number o f amino acid residues in the sequence. 
The formation of complementary bn/ym ion pairs has been shown to occur via a direct 
charge separation process to doubly charged peptides (Tang and Boyd, 1992; 1993; Adams 
et aL, 1996; Kaltashov and Fenselau, 1997). The fragmentation mechanism is believed to 
be nominally charge-remote (Adams et ai, 1996; Kaltashov and Fenselau, 1997). Under 
low energy collision conditions, the loose complex o f protonated oxazalone b-type product 
and the leaving C-terminal product have a restricted lifetime (Paizs and Suhai, 2002). The 
fragments form a proton-bound dimer, via rearrangement, leading to the extra proton being 
shared by the two monomers. The thermochemistry of the species involved (i.e. proton 
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affinity) determines the dissociation of the proton-bound dimer and leads to formation of 
bn/ ym ion pairs (Paizs et al., 2002; Paizs and Suhai, 2005). 
The lack o f indicative low mass ions within the produced spectra is an inherent 
limitation o f a QIT mass analyser. The ion current available for mass analysis (e.g. the 
stream of positive ions) is diminished as the « number of MS" increases and can lead to a 
massive reduction in the ions observed because o f the voltage widths required to control 
them v^thin the trap (Bier and Schwartz, 1997). 
The fragmentation spectra o f only two ions led to complete proposed structures: 
m/z 352.2 and m/z 464.4. The structures proposed for m/z 352.2 was [H-TRP-PHE-OH + 
H] a di-peptide consisting o f an A^-terminal TRP residue and a C-terminal PHE residue. 
The structure was deduced from the presence o f indicative low mass ions in the form of a 
PHE immonium product and a TRP side chain product, and by NL observed between 
fragments that corresponded to ions related to both residues. The structures proposed for 
m/z 464.4 were [H-(GLY, ALA, ASN, GLU, HIS)-OH + H] ^ and [H-(GLY, ALA, ASN, 
THR, CYS)-OH + H] ^. The order o f the residues within the peptide sequence could not be 
deduced. The presence of GLY, ALA and ASN was presumed from sequential NL 
observed between fragments present in the spectrum, with the additional GLU and HIS or 
THR and CYS being inferred from the m/z value o f the product present at 204.0. 
The apparent sequential loss of acidic residues was noted in a number o f the 
fragmentation spectra (axenic sample: m/z 464.4, m/z 504.65, m/z 574.65, m/z 571.20, m/z 
864.60:). The analysis of acidic analytes is best accomplished at high pH (Wang and Cole, 
1997). The pH of the sample was approximately 2.75 (an exact values is unavailable as 
measurements via a pH probe could have led to contamination o f the sample). The injected 
samples were re-dissolved prior to analyses in 10:90:0.1 MeOH: water: FA. Thus, they 
were matrix matched to that of the eluents at the start o f the HPLC gradient. Only basic or 
gaseous analytes can be protonated using ESI (Cech and Enke, 2001a; Cole, 1997), and 
this generally works best at low pH (Wang and Cole, 1997). Protons that define amino 
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acid residues as acidic can, under the correct conditions, dissociate and direct the 
fixigmentation of a molecule. As long as the pKa value of the molecule was lower than that 
o f the solvent then they will be positively charged and ultimately detected (Enke, 1997; 
Wells, 2000). A second explanation may be that protonated solvent molecules can transfer 
protons to species that £u^ released from the ESI spray droplets as neutrals, ionising them 
(Wang and Cole, 1997; Zhou and Cook, 2000; Cech el al, 2001a). The spectra 
corresponding to the CID of the precursor ions m/z 192.30, m/z 363.32 and m/z 874.5 were 
not successftilly interpreted. Although the spectra of m/z 192.30 and m/z 363.32 contain 
non-sequential loss information in the form of neutral water molecules, no ions indicative 
o f amino acid residue loss was present. The spectra of m/z 874.5 contained only one 
product ion, which was indicative o f sequestration o f the mobile proton, by an atom or 
fionctional group with a high gas-phase basicity (Paizs and Suhai, 2005; Wysocki et al, 
2005). Little cleavage was observed as fiagmentation was proposed to be dictated by 
charge remote fragmentation. This observation inferred that polar functional groups such 
as ASP, GLU and HIS were present (Wysocki et al, 2005). 
The DDMS analysis o f the culture samples indicated that fewer peptide ions than 
anticipated from MS analysis of the samples were present. Data was lost because the 
abundance o f the positive ions generated before the MS scans during DDMS analysis did 
not always exceed the minimum threshold of 1 x 10^ that was required for successftil 
fragmentation. Co-elution of two compounds during analysis would result in the compound 
that generated the highest ion abundance being subjected to multistage analysis (see 
Section 1.5.5). Where separation was not achieved to a high degree o f resolution, 
overlapping peaks were observed (e.g. Section 4.5.1.11, Figure 5.24 - at R, 18.28 mins the 
ion counts o f both m/z 331.3 and m/z 683.2 were rising and falling, respectively). 
Therefore, the minimum number o f three DDMS fragmentation spectra was not always 
generated because the range o f the m/z scale altered automatically during the CID analyses 
according to the most abundant ions generated during fragmentation. 
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The constantly changing m/z range in the DDMS multistage scans would often 
exclude the low mass indicative ions that could be used for identification, especially during 
fragmentation o f masses greater than 400 Da. 
The number o f ions tentatively characterised from multistage analysis o f the 
respective samples were far fewer that the number o f analytes identified as potentially 
unique in the fijlJ MS analysis. In the axenic culture, 18 of the 45 identified peptide 
analytes underwent DDMS analysis. In the non-axenic culture, 12 of the 48 identified 
analytes underwent the DDMS analysis. The majority of analytes did not generate the 
minimum threshold ion count (1 X 10^  ions) required for a specific base peak ion to 
undergo fragmentation. The time scale taken for one scan increases when DDMS is carried 
out. Instantaneous loss of data is therefore a consequence. 
Ion intensity of protonated precursor ions is independent of their concentration 
(Metzger et aL, 1994). A further reason for non-detection may have been their co-elution 
with ions of a greater respective ion intensity that were fragmented in preference, 
regardless of whether or not the initial ion exceeded the minimum threshold ion count. 
A number of the peptide DDMS spectra could not be interpreted because no pattern 
of fragmentation was observed, or only one or two product ions were present. The 
activation energy applied before the CID of the precursor ions was set at 35 %, which 
exceeded, by far, the activation energies applied during Augmentation of the peptide 
standards. The presence of very few product ions in a number o f spectra suggested that the 
activation energy was too low to induce movement of protons, inducing cleavage, so no 
ficigmentation was observed. For the reasons noted above, no statistic^ analysis could be 
applied to the proposed ions or their respective m/z values. 
Potential peptide ions detected in the axenic DDMS analysis were m/z 247.1, m/z 
345.4, m/z 352.2 and m/z 398.4. The detection o f compounds in the DDMS analysis, that 
were not present in the fiill MS analysis was put down to a phenomena known as the 
*matrix efiect'. The matrix effect occurs during the analysis o f complex matrices by 
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LC/ESl/MS (Zrostlikova et aL, 2002; Souverain et aL, 2004), and can, in itself, be 
irreproducible and render a sample analysis unrepeatable (Souverain et aL, 2004). The 
matrix effects are attributed to the organic or inorganic components of a sample that co-
elute with an analyte (Kloepfer et aL, 2005). These can originate from endogenous material 
but may also be procedurally-introduced compounds (from the extraction process; 
Souverain et aL, 2004). The mechanism of interference by co-eluting compounds was not 
clear and was thought to be linked to the generation o f gas-phase ions in electrospray 
ionisation (King et aL, 2000; Kloepfer et aL, 2005). Approaches that compensate for the 
matrix effect, such as the use o f isotopically-labelled internal standards (Kloepfer et aL, 
2005), post column infusion (King, 2000 et aL; Souverain et aL, 2004) and the use of a 
nano-ESl interface (Kloepfer et aL, 2005), were not options for this study. Due to this a 
quantitative mass balance of the detected ions could not be carried out, as the performance 
o f ESI is directly linked to the physico-chemical characteristics o f an analyte and not its 
concentration (Cech and Enke, 2000). Analyte 'chargeability* and surface activity are 
directly related to the response o f the ESI, such that when high concentrations o f an analyte 
are present, the surface area of droplet and excess charge concentration dictate the 
performance, whereas at low concentrations of an analyte, ion transmission and chemical 
interference greatly influence the response (Cech et aL, 2001b). Parameters such as the 
non-polar surface area and RPLC retention time can be used to judge the relative response 
of an analyte (Cech and Enke, 2000; 2001a). Data from the full MS analyses of the cultures 
indicated that a better response (i.e. an increase in the relative abundance of the peaks 
within the TIC) was noted in the peak with longer retention times. During this period of the 
analytical separation, a greater number o f the peptide analytes were discerned and 
fragmented, which fits the pattern that increased non-polar characteristics increase the R< 
on a hydrophobic stationary phase and produce the greatest ESI response (Enke, 1997; 
Cech and Enke, 2000). 
202 
5.7. Conclusions 
Structural characterisations were proposed for a number of the assumed peptide 
analytes, identified in the axenic samples (Table 5.5). Fewer analytes underwent multistage 
analysis during the DDMS analysis than were observed in the full MS analysis o f both 
types of sample, vnih the consequence that potentied data was lost. The structural 
identification of the peptide ions depended on the pattern of product ions observed after 
CID of the respective base peak ion. This was, in turn, subject to the amino acid 
composition, peptide size, the method of excitation, the time scale of the instrument and 
the charge state of the ion (Paizs and Suhai, 2005). 
R t and m/z Proposed Sequence/ 
Partial Sequence 
15.23 min, m/z 
181.00 
Amino acid - TYR 
12.05 min, m/z 
197.2 
Modified amino acid with 
characteristics o f TYR 
13.17 min, m/z 
309.29 
H-(VAL, THR, Xxx)- OH 
18.61 min, m/z 
331.36 
H-(GLN/LYS, ALA, 
ASN)- OH 
9.41 min, m/z 
352.2 
H-TRP-PHE-OH 
6.66 min, m/z 
464.4 
H-(ASN, ALA, GLU, 
Xxx)- OH 
7.40 min, m/z 
574.82 
H-(VAL GLU, Xxx)- OH 
15.32 min, m/z 
571.20 
H-(SER, HIS, Xxx)- OH 
15.72 min, m/z 
655.2 
H-(PRO, XLE, HIS, 
GLN/LYS, GLY, Xxx)-
OH 
12.39 min, m/z 
864.6 
H-(Xxx, XLE, GLN/LYS, 
Xle, GLU)-OH 
Table 5. 5 Proposed structural characterisation of the 
peptide analytes identified in (he DDMS analysis of the 
axenic samples. 
The proposed sequence o f the axenic peptide ions contained noticeably acidic 
characteristics. Three ions were identified as ubiquitous in both the axenic and non-axenic 
(Appendbc I) culture m/z 181.0 (TYR), m/z 197.0 (modified TYR), m/z 243.23 (H-ALA, 
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PRO, GLY-OH), whether detected in fuU MS, DDMS or both full MS and DDMS for both 
samples. They were proposed to be the amino acid residues TYR, modified TYR and TRY, 
respectively. 
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6.1. Overview of Study 
Prior to this study, no method had been identified for the molecular level 
characterization of dissolved LMW marine peptides. Peptides are the most identifiable 
components o f the marine DON pool. The best method o f analysis o f intact peptides was 
identified as LC/MS, which circumvented the need for derivatisation and hydrolysis steps 
from the analytical protocol, whilst simultaneously allowing mass identification and 
molecular characterization (Aguilar, 2004). However, LMW peptides could not be directly 
analysed using LC/MS due to their presence at low concentrations 1 mg L"* DOM; 
Hedges, 2002) and the saline matrix in which they were dissolved (Annesley, 2003). This 
research has led to the development o f a method for the extraction and subsequent analysis 
of algal derived LMW DON and to subsequently to the tentative identification of unknown 
peptides originating from an algal monoculture via LC/MS". 
The samples used for analysis were from batch axenic monocultures of the 
phytoplankton P.tricornutum. P.tricornutum was chosen because as it is an ephemeral 
diatom species that can thrive under high NOs' conditions. The cultures were monitored 
throughout their growth cycle for cellular abundance, pH, DIN and TDN, to identify the 
maximum concentration of DON. This occurred during the stationary phase correlating 
with the established end of the bloom conditions, the maximum cellular abundance and the 
highest pH values. 
Previously reported analytical instrumentation and extraction procedures were 
incompatible with the level of trace enrichment and desalination required for LC/MS 
analysis. However, proteomic research has overcome problems similar to those 
encountered throughout this study, (i.e. low-level peptide analytes contained within an 
interfering matrix. No method was found within the literature for the trace level 
chromatographic analysis o f peptides with Mr < 2000 Da, compatible with the MS 
detection. Thus, a method was developed for the separation o f peptides upon a RPLC 
chromatography column. A good separation method was vital, allowing individual analytes 
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to undergo CID. An extraction procedure was also critical to this study. The extraction 
procedure was designed to remove a complex mixture of components from a highly saline 
matrix, whilst simultaneously achieving trace enrichment. Six peptide standards ranging in 
MW from 188 to 1946 Da, were assessed during both chromatographic and SPE method 
development. 
RPLC and IP/RPLC were recognised as the separation methods most compatible 
with the LC and SPE, and ultimately for MS detection. Chromatographic separation was 
initially attempted using a PGC column (Hypersil® Hypercarb), in conjunction with protic 
solvents containing IPRs, which had been recognised from literature in producing the 
exceptional separation of peptides. The initial method employed had previously proved 
successful for the analysis of amino acids (Petritis et al., 2002) and was predicted to be 
compatible with LMW peptides. However, the peptides with Mr > 1,000 Da (peptides A 
and B) could not be removed from the stationary phase and interactions proved 
unpredictable. A second column was then assessed. This was a classical Cig colimin 
(Waters® dC|g) compatible with the low pH associated with IPRs. Further problems were 
experienced, and the chromatography was poor. The IPRs produced a degree of 
suppression with the result that even with a pre-concentration step, analytes present at low 
concentrations or less compatible with the ES would go undetected. The third column 
employed, a hybrid C i 8 (Phenomenex® Gemini), was assessed using a classical RPLC 
protocol of protic solvents modified with FA. In this case the chromatography of the 
examined standards was good and the separation well-defined. 
The extraction procedure for the L M W peptides from the sah water malrbc was 
designed using a PS-DVB LC column. The PS-DVB phase was recognised as superior to 
Ci8 sorbents due to higher analyte recoveries (Poole et al., 2001). The peptide standards 
were examined with the mobile phase at an elevated pH on the PS-DVB LC column and 
also extracted from spiked culture water removed from the vessels at the point of 
maximum DON release. The matrix effect on the extraction o f the peptide standards was 
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also examined. The elevated pH was anticipated to benefit the extraction and uhimately the 
analysis by reducing the chance o f humic material being simultaneously removed with 
dissolved LMW peptides. It was concluded that a small effect would be observed because 
o f a reduction in the strength of the hydrogen bonding and van der Waal forces that retain 
neutral species upon the hydrophobic sorbent. The extraction process was then assessed 
using extraction cartridges for the effect o f salt and DOM upon the standards. When the 
extracts were analysed, it was clear that the salt had been completely washed through the 
sorbent and a number o f peptide standard ions, had a charge originating fi'om positively-
charged alkali metal ions. The DOM was observed to cause suppression and re-enforced 
the necessity of the separation in the analysis to prevent the analytes of interest interfering 
with the detection of others. A molecular weight cut ofif was achieved by filtration of the 
sampled culture waters with a 0.2 micropore filter prior to extraction. 
The final stages of the study involved the removal of sample waters fi-om the 
cultures at the beginning of the cellular growth period and at the period o f maximum DON 
release. These waters were divided, with one o f each sampling period spiked with a chosen 
peptide and extracted using the developed SPE method. An additional extraction was 
carried out on the solvents utilised for the conditioning, equilibration, wash and elution 
stages of the protocol. The two spiked samples were used to verify that the extraction 
procedure was working eflBciently. The analysis of the sample derived fi'om the unspiked 
sample containing the highest concentration o f DON was examined spectra by spectra 
enabling 45 ions and their correlating peaks to be identified as unique to algal release, and 
proposed as peptides. TTiis was done by comparison o f blank samples. The m/z o f 
potentially interfering ions and those ubiquitous in the background, exceeding a threshold 
count of 1 X 10^  in the detector, were noted. No attempt at proposed structures could be 
made at this point. 
Data dependent mass spectrometry was then carried out upon the samples. CID was 
carried out on 19 ions that exceeded the threshold ion count that were not included in the 
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list of interfering ions and masses that should be ignored. Of these 19 ions the spectra of 10 
were proposed to relate to amino acids or peptides. The proposed L M W peptides were 
fragmented using CID after ionisation by ESI. Sequence(s) of amino acids were discerned 
in part or in their entirety for the proposed peptide ions. A number of intact amino acid 
residues were identified. Seven ions were partially sequenced, and 1 ion, fully sequenced. 
The analysis of semi-axenic culture waters was performed simultaneously, and the 
results of the identical analysis showed far fewer ions of a peptidic nature. Three ions were 
identified as ubiquitous to both types o f cultures, demonstrating just how dynamic the 
systems were. 
The developed method can be applied to any aquatic environment or laboratory 
grown culture, however starting with an algal monoculture allowed the system to be kept 
relatively simple in comparison to a natural marine sample. This was a complex 
environment in comparison to others that are sampled for peptide analysis e.g. Mammalian 
plasma, blood and fluids do not contain the high levels o f salts, algal cells and particulate 
matter, humic matter etc. 
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6.2. Future Work 
In continuity with this study, a number o f research avenues should be explored. The 
most prominent should be the synthesis of the proposed analyte ions that correlate to 
sequences, partial sequences and amino acids. MS^ analysis can be performed when larger 
analyte concentrations are present. This could be achieved by increasing the size o f the 
filtrate. The use o f a fiirther fi^gmentation stage would increase analysis time, though 
slower gradients can be employed i f the inherent disadvantage of peak smearing can be 
overlooked. Multiple analyses of one sample using a range of increased activation 
energies, would enable greater ion generation, but could potentially be quite destructive. 
Larger samples would also allow preparative fractionation of the samples to be 
performed via HPLC. I f the sample were pure enough then direct infusion, with its greater 
control of the activation energies and ability to exploit MS^, MS^ etc, could be utilised. 
Larger samples would also lead to a greater quantity o f data produced that went potentially 
undetected due to falling below the threshold ion count during DDMS. Co-eluting and 
overlapping peaks may still be an issue but sample and instrument manipulation should 
allow these problems to be overcome, 
Tryptic and enzymatic digests can break down peptides in their entirety (de 
Hoffinaim and Stroobant, 2004). This would obtain further structural characterisation 
especially of the parent ion Mr were over 600 Da. 
Continuous flow culturing, where the water is cycled through membranes, allows 
the sectioning o f the algal cells within a large portion o f the water. A partition membrane 
penetrable by DOM would enable samples to be taken directly from water that does not 
contain algal cells. This would remove the filtering stages tfiat possibly lead to mechanical 
cell breakage, which could skew the results in favour o f intracellular molecules. 
The development of blooms with different phytoplankton and community 
compositions would facilitate the exploration o f the effect o f species composition on O M 
production and partitioning (Wetz and Wheeler, 2003). The axenic strains of algae used to 
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produce the waters should be carefully selected. Ephemeral autotrophic species like the 
Pjricornutum are a good starting point, because o f their ease of growth. Lasting 
heterotrophic species that are often less abundant and more susceptible to nutrient and 
micronutrient variation should also be examined as their contribution to the DON pool is as 
valid, i f lower than the ephemeral species. Combinatorial examination o f axenic species 
and bacteria, and uhimately, real seawater samples, should be the final goal. It must be 
kept in mind that the effect o f heterotrophic bacteria will be inherently greater on the non-
ephemeral species. The metabolic activity o f planktonic OM remineralisation by bacteria 
in low chlorophyll a environments is important, and decreases under conditions o f high 
chlorophyll a (Biddanda and Benner, 1997). 
True environmental inputs are masked by the presence of heterotrophs in the form 
of both bacteria and other algal species that assimilate the energy rich food source that 
LMW peptides provide and reduce the chances of detection. The supposition that all 
dissolved matter is directly related to its source could be verified by performing cellular 
extractions o f matter from highly-concentrated cellular densities produced by centrifuging. 
The manipulation of internal enzymes such as peptidase, that will break down peptides can 
exist both intracellularly- and extracellularly on algae. The immunoassay techniques to 
inhibit their action are well documented and would aid in the prevention of peptide 
breakdown. 
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A.l Non-axenic Cultures 
The base peak chromatogram of the analysis of the non-axenic culture sample via 
MS contained defined peaks that potentially corresponded to peptide analytes (Figure A . l ) 
discussed previously in Section 4.4. Figure A.1 shows the R, o f the peaks (black) and the 
corresponding value of the base peak ion (m/z, red) contained v^thin the analogous 
spectrum. 
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Figure A. l The base peak chromatogram of the positive ion L C / E S I / M S analysis of the non-axenic 
extract sample. Separation was carried out on a Gemini Cis column using the method developed in 
Chapter 3 (Section 3.2.8.1). Numbers above the corresponding peaks are R| (black) and the m/z of the 
base peak ion in the corresponding spectra (red). 
An increase in the signal generated by ions was observed towards the end o f the 
chromatographic run (as observed for the base peak chromatogram during analysis of the 
axenic san^le). This suggests that analytes with greater non-polar characteristics were 
being retained for longer on the reverse phase o f the LC column (Cech and Enke, 2001a), 
as explained previously (Section 4.5.1). 
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MS^ ofm/z 135.19 at R, 14.01 minutes 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
135.19 is shown in Figure A.2. The mass of the precursor ion,(MR = 134.19) did not equate 
to that of a known proteinic amino acid. The principal product ion observed in the 
spectrum, m/z 107.1, was consistent with the indicative low mass for a hydroxybenzyl-side 
chain, like that of TYR; I f this were the fragmentation of a TYR residue then a product ion 
correlating to the TYR immonium ion {m/z 136.0) would also be present and dominant in 
the spectrum. The product ion at m/z 55.1 was indicative o f V A L in a sequence and the 
product ion, m/z 152.7, was the hydrated form, ([M+H2O] ^ . N L o f 45 Da and 52 Da were 
observed between product ions m/z 152.7 and 107.1, and m/z 107.1 and 55.1, respectively. 
These NL values pertained to any number of combinations of organic atoms, but none 
could be definitely assigned. Even with the ordinate scale o f the spectrum within the m/z 
range o f the indicative low mass ions, provisional elucidation o f the structure o f the 
precursor ion was not possible. 
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Figure A.2 Positive ion ESI MS^ of precursor ion m/z 135.19 (activation amplitude 35%), 14.01 mins 
into the analysis of the non-axenic culture samples via DDMS using L C separation. 
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MS^ ofm/z 186.31 at R. 11.81 minutes 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
186.31, is shown in Figure A.3. The most abundant ion detected, m/z 102.0, was consistent 
with the immonium ion of GLU residue and also a rearrangement reaction in the 
fragmentation of an XI.E residue. The product ions m/z 85.1 and 56.8 were both indicative 
low mass ions for XLE, m/z 56.8 was the side chain mass of XLE. A NL consistent to thai 
of a CH3 group was observed between the precursor ion and product ion m/z 171.5. The 
sum of the product ions m/z 85.0 and 102.0 is equivalent to that of the precursor ion with 
an additional proton (indicative of the formation of a dimer consisting o f the two portions 
of the cleaved precursor ion, Paizs and Suhai, 2005). The NL of water and a XLE residue 
mass from the precursor ions leaves an m/z value equivalent to a singly charged GLY 
residue (Kl/z 186.1 - H2O (18 Da) - XLE (residue mass - 113.0 Da) = 57 Da (GLY residue 
mass)), which could also be consistent with the ion noted at m/z 56.8). The structural 
elucidation of the precursor ion appeared to point to H - (GLY, XLE) - OH. 
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Figure A.3 Positive ion ESI MS^ of precursor ion m/z 186.31 (activation amplitude 35%), 11.81 mins 
into the analysis of the non-axenic culture sample via DDIMS using L C separation. 
237 
MS^ ofm/z 197.2 at R, 12.05 minutes 
The positive ion ESI/MS^ fragmentation spectra o f the singly charged precursor 
ion, m/z 197.2 was identical to the fragmentation observed for the equivalent mass and 
retention time found within the axenic cultures (See Section 4.5.1.2). 
MS^ ofm/z 209.2 at R, 18.26 minutes 
The positive ion ESl/MS^ fragmentation o f the singly charged precursor ion, m/z 
209.20, is shown in Figure A.4. The fragmentation spectrum related to that of m/z 181.0, in 
the axenic cultures, which was thought to be TYR. In this spectrum the mass o f the 
precursor ion was 12 Da greater than TYR, equating to an additional C atom. Product ion, 
m/z 107.0, corresponded to the side chain mass of TYR that had lost two protons and 
another product ion, 12 Da greater in mass, m/z 119.1, was observed. A pair o f ions 
corresponding to a TYR immonium ion, that had lost one proton (m/z 135.1), and the TYR 
immonium ion with an additional 12 Da (m/z 149.1) were present in the spectrum. A 
product ion corresponding to the residue mass of TYR, which had lost two protons, was 
observed at m/z 163.1 and a corresponding product ion 12 Da greater at m/z 175.0. The 
dominant product ion v^thin the spectrum (m/z 193.1) corresponded to the loss of ammonia 
from the precursor ion and a marginally less intense ion was observed 12 Da below at m/z 
181.3. The two sets of ions appear side by side in the spectrum. The precursor ion appears 
to be structurally similar to TYR. When a TYR residue was structurally examined there 
were no obvious points on the molecule where a C atom could be inserted into the 
molecule without additional H, O or N being used to equilibrate the valency of bonds. 
Modification o f the TYR residue appeared to have occurred, which increased the R| 
considerably. The increase in R^  p>oints to an increase in non-polar characteristics o f the 
parent analyte. 
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Figure A.4 Positive ion ESI MS2 of precursor ion m/z 209.2 (activation amplitude 35 % ) , 18.26 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS^ofm/z 242.43 at Rt 8.99 minutes 
The positive ion ESl/MS^ fragmentation of the singly charged precursor ion, m/z 
242.43, is shown in Figure A.5. The m/z o f the precursor ion along with the fragmentation 
pattern indicated the presence o f TRP. The most abundant ion within the spectrum was the 
precursor ion, m/z 242.43 ([M+H]*). The activation energy was, therefore, sufficient to 
cause fragmentation, but not to decimate the ion. Product ions corresponding to the TRP 
residue mass and side chain were observed at m/z 186.2 and 129.8, respectively. An 
internal product ion was also observed at m/z 142.1. Al l indicative low masses pointed to 
the amino acid TRP. 
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Figure A.5 Positive ion ESI MS^ of precursor ion m/z 242.43 (activation amplitude 35 % ) , 8.99 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS^ of m/z 243.36 at Rt 14.28 minutes 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion, m/z 
243.36 is shown in Figure A.6. The most abundant ion observed, m/z Ml.2, was a y-type 
product ion. Three x- and y- type product pairs were noted at m/z 174.3 (x) and 200.0 (y), 
m/z 203.7 (x) and 229.9 (y) and m/z 216.2 (x) and 242.4 (y). The mass difference o f 26 is 
occurs when x (acylium) and y (ammonium) ions form at the same peptide bond (Gross, 
2004). The predominance of y- type fragmentation was indicative o f a PRO residue present 
in the sequence at or near a terminal residue (Papayannapoulos, 1995; Wysocki, 2005 and 
Paizs and Suhai, 2005). The NL between fragment ions m/z 243.7 and m/z 172.2, and m/z 
258.30 and m/z 200.0, were parallel to ALA and GLY residues, respectively. Taking into 
account the presence of these two amino acid residues and the influencing presence of a 
PRO residue, it was deduced that the product ion observed at m/z 196.6 may be equivalent 
to the internal product ion [PRO, ALA - CO] ^ (PRO and ALA are not bonded in any 
specific order). A possible combination of the three amino acids was [H-(ALA, PRO, 
GLY)-OH + H] ^ (The amino acids are not necessarily attached in the order represented in 
the brackets). 
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Figure A. 6 Positive ion ESI MS^ of precursor ion m/z 243.36 (activation amplitude 35 % ) , 14.28 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
242 
MS^ ofm/z 309.35 at R, 16.28 minutes 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion. m z 
309.35 is shown in Figure A.7. The ion with the greatest abundance in the spectrum was an 
X- type product ion, m/z 235.1, that indicated NL of an /V-terminal H-GLY-NH- group 
from the precursor ion. The y- type product ion, m/z 251.1, indicated cleavage at the same 
amide bond as the dominant ion. This product was consistent with NL of an yV-terminal H-
GLY- group. 
The product ion observed at m/z 235.1 could correspond to only one combination of 
amino acid residues and was representative of an internal product o f [CYS, MET]"^. 
Product ion m/z 189.2 was a b' type ion, with its related c' type ion present at m/z 207.1, 
and was equivalent to the TV-terminal fragment |H-GLY, MET H]^. A peptide with the 
sequence H-GLY-MET-CYS-OH was proposed. 
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Figure A.7 Positive ion ESI MS^ of precursor ion m/z 309.35 (activition amplitude 35 % ) , 16.28 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS of m/z 389.5 at Rt 20.03 minutes 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
389.5, is shown in Figure A.8. A doubly-charged a- type product, m/z 346.9, was the 
principal ion within the spectrum. The doubly-charged b- type ion corresponding to 
cleavage at the same amide bond was observed at m/z 360.8. Product ion m/z 360.8 
corresponded to the NL of an N - terminal GLY residue from the precursor ion, which 
should have corresponded to a y' type product. The complete loss of the amino terminal 
group to give an ion at m/z 374.8 implied y-type product formation. This did not fit vsath 
the observations of the corresponding a- type product {m/z 346.9) that was observed 14 Da 
below m/z 360.8. The m/z values 332.6 (b- type product ion) and 302.8 (b- type product 
ion) were consistent with the consecutive loss of two further GLY residues from a doubly 
charged ion. The a-type product ion {m/z 288.5) corresponded to cleavage at the same 
amide bond as the b-type product m/z 302.8. No other structural information could be 
deduced from the fragment ions in the spectrum 
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Figure A.8 Positive ion ESI MS^ of precursor ion m/z 389.5 (activation amplitude 35 % ) , 20.03 mins 
Into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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M$^ of m/z 323.34 at Rt 17.48 minutes 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
323.34, is shown in Figure A.9. The most abundant product ion in the spectrum was 
observed at m/z 279.3. No indicative NL that could be used for the tentative structioral 
elucidation of the precursor ion were observed in the spectrum. 
The same fragmentation pattern (e.g. that which contained no discernible peeiks) 
was observed for the spectrums relating to the CID o f the precursor ions m/z 327.49 at Rt 
17.74 mins (not shown), m/z 411.00 at Rt 18.55 mins (not shown) and m/z 428.91 at Rt 
12.65 mins (not shown). 
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Figure A.9 Positive ion ESI MS' of precursor ion m/z 323.34 (activation amplitude 35 % ) , 17.48 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS^ofm/z 375.27 at R, 18.87 minutes 
The positive ion ESl/MS^ fragmentation of the singly charged precursor ion, m/z 
375.27, is shown in Figure A. 10. The most abundant product ion was observed at m/z 
360.7, with a smaller peak, equivalent to NL o f a CH2 group from this ion, detected at m/z 
346.7. No other structural information could be gained from the spectrum. 
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Figure A.IO Positive ion ESI MS^ of precursor ion m/z 375.27 (activation amplitude 35%), 18.87 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS^of/n/z36L17 at R, 18.05 minutes 
The positive ion ESI/MS^ fragmentation of the singly charged precursor ion, m/z 
361.17, is shown in Figure A . l l . The most abundant product ion was observed at m/z 
346.8, with a smaller ion equivalent to a NL of a CH2 group from the product ion, detected 
at m/z 332.6. No other structural information could be gained from this spectrum. 
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Figure A . l l Positive ion ESI MS^ of precursor ion m/z 361.17 (activation amplitude 35 % ) , 18.05 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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MS^ ofm/z 701.8 at R, 1432 minutes 
The positive ion ESI/MS^ fragmentation o f the singly charged precursor ion, m/z 
701.8, is shown in Figure A. 12. The fragmentation spectrum contained one intense product 
ion at m/z 701.8. The applied activation energy was not enough to cause the CID o f the 
precursor ion, either by mobile proton or charge-remote cleavage. Where the precursor ion 
was fragmented only one intense product was observed. This may have occurred because a 
basic residue sequestered the charge and no charge-remote protons (e.g. present on acidic 
residues) could be utilised by the ion for fragmentation. The internal energy of the 
molecule was not great enough to cause fragmentation of the precursor ion (Wysocki et a/., 
2005). 
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Figure A.12 Positive ion ESI MS^ of precursor ion m/z 701.8 (activation amplitude 35.00), 14.32 mins 
into the analysis of the non-axenic culture sample via DDMS using L C separation. 
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A.2. Discussion 
Fewer peptide ions were identified during DDMS of the non-axenic culture 
samples, than in the DDMS of axenic cultures. Of the ions that did yield interpretable 
fragmentation spectra, m/z \25A9, m/z \97.2, m/z 209.2 and m/z 242.43 were thought to be 
generated from amino acids. The fragmentation spectrum o f m/z 135.19 contained 
indicative low mass ions for a number of amino acids, but not definitive o f a specific 
residue. The amino acid was therefore determined to be non-proteinic, though a structure 
was not assigned. The peaks corresponding to m/z 197.2 and m/z 209.2 were modified 
forms of TYR, with an additional water molecule and a carbonyl group, respectively, 
thought to be present. The fragmentation spectrum of m/z 197.2 was identical to one also 
observed in the DDMS analysis of the axenic culture samples. The fragmentation spectrum 
of m/z 242.2 was consistent with that of TYR. Three fiill sequences were proposed for 
precursor ions m/z 186.31, m/z 243.36 and m/z 309.35. These were: [H-GLY, Xle-OH]^ 
[H-ALA-PRO-GLY-OH]^ [H-GLY-MET-PRO-OH]^, respectively. The order of bonding 
was only determined for the tripeptides. The proposed sequences were deduced from 
indicative low mass ions and sequential NL in the spectra. 
The fragmentation spectra o f m/z 389.5 contained sequential information that that a 
number o f GLY residues were present in series. Papayannapoulos (1995) stated that two 
sequential GLY residues were unlikely to cleave and were more likely to be observed as a 
single ion or NL during fi^mentation. The presence of ions representing cleavage 
between sequential GLY residues was, therefore, discounted. No information was 
determined from the fixigmentation spectra of the precursor ions m/z 323.34, m/z 375.27, 
m/z 361.17 and m/z 701.80. The lack o f sequential information was discussed earlier for 
ions identified in the DDMS axenic sample analysis (Section 4.6). The structural 
characterisation proposed for a number of the assumed peptide analytes, identified in the 
non-axenic sarr^)Ies are noted in Table A. 1. 
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Non-Axenic Sample 
Rt and m/z Proposed Structure/ Partial Sequence 
14.01 min,m/z 135.19 Indicative low mass ions for V A L , TYR 
11.81 min,/7i/z 18631 H-(GLY, XLE)-OH 
18.26 min,/72/z 209.2 Modified amino acid with characteristics o f TYR 
8.99 min, m/z 242.43 Amino acid - TRY 
14.28 min,/n/z 243.36 H-(ALA, PRO, GLY)-OH 
16.28 min, Wz 309.35 H.(GLY, N4ET, CYS)-OH 
Table A . l Proposed structural characterisation of the peptide analytes identified in the DDMS analyses 
of the non-axenic samples. 
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